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ABSTRACT 


This  report  is  principally  concerned  vith  the 
thermal  degradation  of  two  copolymer  systems,  namely 
methyl  methacrylate/methyl  acrylate  and  methyl 
methacrylate/butyl  acrylate.  The  photo-degradation 
of  the  methyl  methacrylate/methyl  acrylate  system 
was  also  studied  insofar  as  it  is  relevant  to  the 
thermal  reaction.  In  view  of  the  similarity  of 
the  monomers,  reliable  values  of  reactivity  ratios 
were  not  available.'  An  accurate  method,  making  use 
of  nuclear  magnetic  resonance  spectroscopy,  was 
devised  and  applied  to  these  and  other  acrylate/ 
methacrylate  systems. 

For  both  systems  a  series  of  copolymers 
covering  the  whole  composition  range  was  synthesised. 
Degradations  were  carried  out  under  vacuum  either 
in  a  dynamic  molecular  still  or  using  a  new  tech¬ 
nique  developed  in  these  laboratories.  Thermal 
methods  of  analysis,  such  as  th errnogravimetric 
analysis  (TGA)  and  thermal  volatilisation  analysis 
(TVA),  showed  that  the  copolymers  became  more  stable 
to  thermal  breakdown  as  the  acrylate  content  was 
increased.  These  techniques  allowed  a  suitable 
temj>erature  range  to  be  chosen  in  which  to  study 
the  reactions  isothermally .  The  gaseous  degradation 
products,  liquid  products,  chain  fragments  and  residue 
were  each  examined  separately,  using,  among  other 
techniques,  infra-red  spectroscopy,  gas-liquid 
chromatography,  mass  spectrometry  and  combined  gas 
chromatography  -  mass  spectrometry.  The  complex 
nature  of  the  pyrolysis  of  these  copolymer  systems 
is  reflected  by  the  variety  of  products  obtained. 

The  main  gaseous  products  were  found  to  be 
carbon  dioxide  and  smaller  amounts  of  hydrogen  from 
the  methyl  acrylate  copolymer  and  carbon  dioxide  and 
but-l-ene  from  the  butyl  acrylate  copolymer.  The 
most  important  liquid  products  are  methyl  methacrylate 
from  both  systems  and  n-butanol  from  the  butyl 
acrylate  copolymers  with  high  butyl  acrylate  contents. 
Quantitative  measurements  enabled  the  build-up  of 
these  products  to  be  followed  as  degradation  proceeds, 


and  mass  balance  tables  were  drawn  up  for  each 
copolymer  studied.  The  large  chain  fragments 
were  only  briefly  examined.  Molecular  weight 
measurements  on  the  residue  indicated  that  break¬ 
down  by  random  scission  processes  becomes  more 
important  relative  to  breakdown  by  depolymerization 
processes  as  the  acrylate  content  is  increased. 
Degradation- schemes  and  mechanisms  are  postulated 
to  account  for  the  formation  of  all  of  the  im¬ 
portant  products,  although  no  really  satisfactory 
route  for  alcohol  evolution  has  been  found. 
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CHAPTER  1 


INTRODUCTION 


The  presence  of  a  small  amount  of  a  second  monomer 
copolymerised  into  a  homopolymer  can  have  a  profound  effect 
upon  the  stability  of  the  homopolymer.  In  some  cases  the 
effect  is  to  enhance  the  stability,  in  others  the  copolymer 
is  less  stable.  Since  copolymers  are  being  increasingly 
applied  commercially  and  industrially  it  is  important  to 
understand,  at  a  fundamental  chemical  level,  the  reasons  for 
these  differences  in  stability  so  that  they  may  be  taken  into 
account,  along  with  the  other  physical  and  chemical  properties 
of  the  material,  in  choosing  materials  most  effectively  for 
new  applications . 

The  introduction  of  a  few  per  cent  of  an  acrylate 
comonomer  has  long  been  recognised  as  an  effective  method  of 
stabilising  poly(methyl  methacrylate)  although  the  precise 
chemical  mechanism  of  this  effect  is  not  clearly  understood. 

The  degradation  reactions  of  a  number  of  polymethacrylate 
horaopolymers  have  been  thoroughly  investigated  (l)  so  that  a 
consistent  unified  picture  of  the  reactions  which  occur  in 
the  whole  series  has  emerged.  The  acrylate  series  has  also 
recently  similarly  been  studied  (2)  and  since  a  variety  of 
both  acrylates  and  methacrylates  are  available  the  large 
number  of  possible  copolymers  provides  a  fertile  field  for 
detailed  study  of  comonomer  stabilisation  mechanisms  and  the 
influence  on  them  of  successive  small  changes  in  the  structures 
of  the  constituent  comonomers. 

The  present  report  describes  detailed  investigations  of 
thermal  degradation  processes  which  occur  in  the  methyl 
methacrylate/  methyl  acrylate  and  methyl  methacrylate/ 
n-butyl  acrylate  copolymer  systems  and  the  photodegradation 
reactions  which  occur  in  the  former. 

In  order  to  obtain  the  maximum  benefit  from  work  of 
this  kind  it  is  essential  to  be  able  to  prepare  copolymers 
of  precisely  known  composition.  However,  since  the  chemical 
natures  of  the  constituent  monomers  are  so  similar,  considerabl 
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difficulties  have  been  encountered  in  deducing  the  structures 
of  the  copolymers  using  conventional  analytical  methods. 

Although  values  for  the  reactivity  ratios  of  the  methyl 
methacrylate/  methyl  acrylate  system  were  available  in  the 
literature  it  was  considered  necessary  to  derive  more 
reliable  values.  N.M.R.  was  found  to  be  particularly 
valuable  for  this  purpose  and  Chapter  2  is  devoted  to  a 
description  of  the  measurement  of  reactivity  ratios  for  the 
copolymerisation  of  a  number  of  acrylate  monomers  with  methyl 
methacrylate.  Chapters  3  and  4  describe  various  aspects  of 
the  thermal  degradation  of  the  methyl  methacrylate/ methyl 
acrylate  system  and  Chapter  5  demonstrates  how  the  reactions 
are  modified  by  photoinitiation. 

Although  some  thermal  analysis  data  are  presented  for 
the  methyl  methacrylate/  methyl  acrylate  system  in  Chapter  3 
a  very  much  more  sophisticated  form  of  the  thermal  volatilisation 
analysis  (TVA)  equipment  had  become  available  when  the  methyl 
methacrylate/  n-butyl  acrylate  system  was  being  studied  and 
Chapter  6  is  devoted  to  this.  In  Chapters  7  and  8  a  detailed 
description  of  the  thermal  degradation  of  the  methyl  meth¬ 
acrylate/  n-butyl  acrylate  system  is  given  and  the  report 
closes  with  a  general  survey  and  discussion  of  the  results 
(Chapter  9). 


CHAPTER  2 


REACTIVITY  RATIOS  FOR  THE  COPOLYMERISATION 
OF  ACRYLATES  AND  METHACRYLATES  BY 
NUCLEAR  MAGNETIC  RESONANCE  SPECTROSCOPY 


INTRODUCTION 

Few  values  of  reactivity  ratios  for  pairs  of  acrylate 
and  methacrylate  monomers,  have  been  reported.  This  is 
principally  due  to  the  fact  that  the  similarities  of  the 
structures  of  the  components  make  analysis  of  the  copolymers 
difficult.  Elemental  analysis  cannot  be  made  accurate  enough 
for  the  purpose  (3)  and  the  application  of  i.r.  or  u.v.  spec¬ 
troscopic  methods  would  require  the  two  monomers  to  have 
absorbing  structures  which  are  significantly  different. 

The  gas-liquid  chromatographic  analysis  of  pyrolysis 
products  has  been  applied  but  may  be  of  doubtful  quantitative 
validity  (3).  Radiometric  (4)  and  isotopic  (5)  methods  are 
the  only  ones  to  have  been  used  successfully  but,  being  time 
consuming  and  requiring  elaborate  experimental  technique, 
have  only  been  applied  to  a  few  isolated  systems. 

This  chapter  shows  how  nuclear  magnetic  resonance 
spectroscopy  can  be  successfully  used  for  such  monomer  pairs, 
although  this  method  also  has  its  limitations.  It  lias 
previously  been  used  to  determine  the  monomer  content  of 
vinyl  acetate-ethylene  copolymers  (6,7)  but  reactivity  ratios 
were  not  calculated.  The  method  is  clearly  widely  applicable 
to  copolymer  analysis  and  is  particularly  valuable  for  its 
rapidity  and  simplicity. 

EXPERIMENTAL 
Monomer  purification 

Methyl  methacrylate  ( MMA )  (I.C.I.  Ltd.),  methyl  acrylate  (MA) 
(B.D.H.  Ltd.),  butyl  acrylate  (BuA)  (Koch  Laboratories  )  ,  e  thyl 
acrylate  (EA)  (Light  and  Co.),  ethyl  methacryla te  (EMA)  (I.C.I.  Ltd 
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and  propyl  acrylate  (PrA)  (prepared  by  alcoholysis  of  methyl 
acrylate  (8))  were  washed  with  caustic  soda  solution  to 
remove  inhibitor,  subsequently  with  distilled  water,  and 
dried  over  calcium  chloride.  The  monomers  were  vacuum 
distilled  and  stored  at  -18°C. 

Polymer isation 

Copolymers  of  MMA  with  MA,  EA,  PrA,  BuA  and  EMA  were 
studied. 

After  degassing  and  distillation  in  vacuum,  monomer 
mixtures  of  known  composition  were  polymerised  in  bulk  under 
vacuum  to  about  five  per  cent  conversion.  The  pair  MMA-MA 
was  polymerised  at  65°C  with  0*075  per  cent  w/v  azoiso- 
butyronitrile  as  catalyst.  All  other  pairs  were  polymerised 
at  60°C  with  0*18  per  cent  w/v  catalyst. 

The  copolymers  were  precipitated  three  times  from 
chloroform  solution  by  methanol  and  dried  in  a  vacuum  oven 
for  24  hours  at  50°C. 

Copolymer  analysis 

N.m.r.  spectra  were  obtained  using  a  Perkin-Elmer  RIO  60 
Mc/s  spectrometer  with  integrator  using  20  mg  copolymer  samples 
dissolved  in  1  ml  of  CDCI3.  Ten  integrals  were  obtained  for 
each  sample  and  the  average  used  for  the  calculation  of 
copolymer  composition. 

RESULTS  AND  DISCUSSION 

In  the  n.m.r.  spectra  of  the  copolymers  MMA-EA,  MMA-PrA, 
MMA-BuA  and  MMA- EMA  the  peak  due  to  the  -O-CII3  protons  (in 
MMA)  was  resolved  from  those  due  to  the  -O-CH2-  protons  (in 
the  second  monomer)  as  shown  for  a  representative  example  in 
Figure  1.  The  monomer  compositions  of  the  copolymers  were 
calculated  from  the  ratios  of  the  areas  under  those  peaks,  as 
measured  by  the  integral  curves,  the  areas  being  proportional 
to  the  number  of  protons  contributing  to  the  peaks.  Thus 

I-OCH2**  *  2  (number  of  second  monomer  units  in  chain) 

I-OCH^  «  3  (number  of  MMA  units  in  chain) 

in  which  I-OCH2-  and  I-OCH3  are  the  integrals  of  the  -OCH2- 
and  -OCH^peaks  respectively. 


-  6  - 

If  X  is  molar  ratio  MMA/second  monomer  in  copolymer,  then 
I_0CH2-/I-0CH3  =  2/3X 

No  characteristic  peaks  could  be  distinguished  for 
MMA-MA  copolymers,  MA  and  MilA  both  contain  -O-CH3  groups  and 
the  absorptions  due  to  the  tertiary  protons  in  MA  and  the 
methylene  protons  overlap  as  illustrated  in  Figure  2.  Thus 
the  total  proton  difference  (8  from  MMA,  6  from  MA)  between 
the  two  monomers  had  to  be  used  here  to  calculate  copolymer 
composition.  Thus,  if  X  =  molar  ratio  MMA/MA  in  copolymer, 
then 

Itotal/l“°"CH3=Y=(8X  +  6)/(X  +  1)3 

Therefore 

X  =  (3Y  -  6 ) / ( 8  -  3Y) 

The  ratios  obtained  by  averaging  ten  determinations  of 
the  appropriate  integrals  when  applied  to  the  appropriate 
equations  above  gave  the  values  for  copolymer  compositions 
shown  in  Table  1(a)  and  (b). 

From  the  values  of  M1/M2  and  X  shown  in  Tables  l(a)  and 
(b),  reactivity  ratios  were  calculated  by  the  method  of  Mayo 
and  Lewis  (9)  using  the  equation 

r2  =  (M1/M2){(1/X)[1  +  (M1/M2)r1]  -  l} 

r,  versus  r2  plots  for  the  systems  under  investigation  are 
illustrated  in  Figure  3.  In  estimating  r-^  and  r£  values  from 
the  data  the  intersections  of  adjacent  lines  were  discounted, 
and  the  reactivity  ratios  obtained  are  shown  in  Table  2. 

These  values  are  seen  to  be  in  good  agreement  with  those 
calculated  from  Q  and  e  data  (10)  for  these  monomers  (11,12) 
with  the  exception  of  the  MMA-EA  system. 

The  last  column  in  Table  2  shows  the  only  other  results 
obtained  directly  for  the  radical  copolymerisation  of  these 
systems.  The  values  for  MMA-MA  were  obtained  by  the  use  of 
deuterated  monomer  (5)  (polymerisation  temperature  130°C) 
while  the  MMA-EMA  system  was  studied  by  the  use  of  radioactive 
tracers  (4) ,  and  both  are  in  reasonable  agreement  with  the 
present  results. 


8 


Table  1.  Nuclear  Magnetic  resonance  spectral  analyses 

(a) 


Monomer 

pair 

Molar  ratio  in 

I-0CHo- 

Molar 

ratio 

m2 

monomer  mixture 

(m1/m2) 

£ 

I-0CH3 

in  copolymer 
(X) 

MMA 

EA 

4*05 

0* 

08 

8 

•76 

2*02 

0* 

15 

4 

•45 

1*01 

0* 

23 

2 

•78 

0*52 

0* 

47 

1 

•39 

0*25 

0* 

67 

0 

•78 

MMA 

PrA 

4 

0* 

09 

7 

•41 

2 

0* 

20 

3 

•33 

1 

0* 

32 

2 

•0 

0*5 

0* 

63 

1 

•06 

0*25 

0* 

97 

0 

•69 

MMA 

BuA 

4 

0* 

09 

7 

•41 

2 

0* 

17 

3 

•92 

1*2 

0* 

26 

2 

•56 

1 

0* 

34 

1 

•96 

0*25 

1* 

01 

0 

•66 

0*125 

2* 

86 

0 

•23 

MMA 

EMA 

4 

0* 

15 

4 

•44 

2 

0* 

29 

2 

•39 

1 

0* 

67 

1 

•0 

0*5 

1* 

27 

0 

*53 

0*25 

2* 

53 

<  0 

•26 

(b) 


Monomer  pair 

M  M 

al  2 

Molar  ratio  in 
monomer  mixture 

(m1/m2) 

"^total 

i-o-ch3 

Molar  ratio 
in  copolymer 

(x) 

MMA  MA 

5*2 

7*77 

7-7 

1*0 

7*32 

1*94 

0*85 

7*33 

2*0 

0*38 

6»86 

0*76 

0*20 

6»78 

0*64 

3 


1 


3 


1 


3. 


2 

rl 


2 

rl 


rjversus  r2  plots  for  (a)  MMA-HA ;  (b)  KMA-EA; 

(c)  MMA-PrA;  (d)  MMA-BuA;  (e)  MIA- ENA 
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Table  2,  Reactivity  ratios 


Polymer¬ 
isation 
tempera¬ 
ture.  °C 

Monomer 

pair 

M1  M2 

Experimental 

rl  r2 

• 

Q-e  values 
rl  r2 

Other  experiment¬ 
al  values 

|rl  r2 

65 

MMA 

MA 

1-8+0-4 

0*  35tO- 1 

1-9 

0-5 

2-3+0-5  0-47±0*l 
(at  130°C) 

60 

MMA 

EA 

2-03+0*12  0 • 24±0 • 12 

1*43 

0-73 

—  — 

60 

MMA  PrA 

1-61+0*1 

0- 29±0- 1 

-  s  — 

—  — 

60 

MMA  BuA 

1- 8+0-1 

0-37+0-1 

1-86 

0-37 

—  — 

60 

MMA  EMA 

1-09+0-1 

0-98+0-1 

1-08 

0-96  ; 

0-92  1-08 

Thus  nuclear  magnetic  resonance  spectroscopy  offers  a  general 
method  of  analysis  of  copolymers  with  an  accuracy  comparable 
with  that  achieved  by  other  analytical  methods.  It  has  the 
additional  advantages  that  it  is  rapid  and  can  cope  with  monomer 
pairs  whose  similarity  in  structure  makes  other  analytical 
methods  inapplicable.  It  is  clearly  of  maximum  use  among  the 
acrylates  and  methacrylates  where  one  of  the  monomers  does  not 
incorporate  the  -O-CH2-  structure.  It  is  still  useful,  although 
less  accurate  when  this  is  not  so,  provided  the  constituent 
monomers  have  different  numbers  of  protons  as  in  the  MMA— MA 
system.  It  cannot  be  readily  applied,  however,  when  both 
monomers  incorporate  -O-CH2-  groups  and  the  same  number  of 
protons,  as  for  example,  the  system  ethyl  methacrylate-propyl 
acrylate. 


CHAPTER  3 


THERMAL  DEGRADATION  OP  COPOLYMERS  OP  METHYL 
METHACRYLATE  AND  METHYL  ACRYLATE.  A.  PRODUCTS 
AND  GENERAL  CHARACTERISTICS  OF  THE  REACTION 


INTRODUCTION 

A  recent  series  of  papers  (13-16)  has  been  concerned 
with  the  study  of  degradation  processes  in  copolymers.  In 
a  summary  of  this  and  previous  work  (17)  it  was  shown  that 
this  kind  of  investigation  not  only  helps  to  clarify  the 
degradation  processes  which  occur  in  the  homopolymers  of  the 
constituent  monomers  but  also  to  demonstrate  the  mechanism 
whereby  a  small  amount  of  a  comonomer  may  influence  the 
stability  of  a  polymer  either  favourably  or  adversely. 

Acrylates  are  used  commercially  in  this  way  to  stabilise 
poly(methyl  methacrylate).  The  small  concentrations  used 
have  no  significant  influence  on  the  useful  physical  properties 
of  the  parent  polymer.  The  mechanism  of  this  stabilisation 
and  the  way  in  which  the  acrylate  units  influence  the  ultimate 
breakdown  process  have  not  been  reported  upon.  This  and  the 
following  chapter  (18)  represent  the  first  stage  of  a  study 
of  the  degradation  properties  of  methacrylate-acrylate  systems. 


EXPERIMENTAL 

Preparation  of  Copolymers 

Methyl  methacrylate  (MMA)  (I.C.I.  Ltd.)  and  methyl 
acrylate  (MA)  (B.D.H.  Ltd.)  were  purified  by  standard  methods 
involving  washing  with  caustic  soda  solution  to  remove  inhibitor 
washing  with  distilled  water  to  remove  residual  caustic  soda, 
drying  over  anhydrous  calcium  chloride,  and  distilling  under 
vacuum,  the  first  and  last  lOft  being  eliminated.  Thereafter 
the  monomers  were  stored  in  the  dark  at  -18°C  until  used. 

The  polymerisation  initiator,  2 , 2 ’ -azoisobutyroni trile  was 
purified  by  recrystallisation  from  methanol. 
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The  reactivity  ratios,  ra  =  1*8,  r^  =  0*35  (where  A  is 
IMA;  B  is  MA) ,  whose  determination  by  nuclear  magnetic  reson¬ 
ance  spectroscopic  methods  (19)  was  described  in  Chapter  2, 
were  used  to  calculate  the  proportions  of  the  monomers  re¬ 
quired  to  prepare  polymers  of  appropriate  composition.  The 
monomers,  purified  as  above,  were  distilled  twice  more  under 
vacuum  before  distilling  into  dilatorneters ,  containing  0*075$ 

(w/v)  of  initiator,  which  were  sealed  off  under  vacuum. 
Copolymerisations  were  carried  to  approximately  5$  conversion 
in  a  thermostat  at  65 °C.  The  resulting  copolymers  were  pre¬ 
cipitated  three  times  from  chloroform  solution  by  methanol, 
dried  in  a  vacuum  oven  at  50°C  for  24  hr.  and  ground  to  a  fine 
powder  (120  mesh).  Copolymers  with  MMA  and  MA  in  the  molar 
ratios  112/1,  26/l,  7*7/l,  and  2/l  were  thus  prepared. 

Degradation  Techniques 

Degradations  were  carried  out  in  the  apparatus  illustrated 
in  Figure  4.  Samples  of  the  powdered  copolymers  (2-4  mg.) 
were  spread  evenly  on  the  bottom  of  glass  tube  A,  which  was  a 
Quickfit  FG  35  flange  with  the  end  sealed  and  flattened.  It 
was  heated  by  immersion  in  an  electrically  heated  and  thermo- 
statted  Wood's  metal  bath.  The  temperature  of  the  inside 
surface  of  the  degradation  tube  was  calibrated  against  the 
bath  temperature  by  checking  the  melting  points  of  pellets  of 
pure  tin,  bismuth  and  antimony  (232,  271,  and  327°C  respectively). 
The  water-cooled  copper  coil  B,  protected  the  grease  of  the 
flange  from  the  heat  of  the  bath. 

The  volume  of  the  section  bounded  by  taps  Ti,  T2 ,  and  T3 , 
including  the  Macleod  gauge,  and  of  the  reaction  vessel  to  T3 , 
were  measured  by  the  standard  method  of  expanding  a  known 
volume  of  gas,  in  a  reservoir  attached  to  the  apparatus,  into 
these  sections  in  turn  and  observing  the  change  in  pressure. 

The  total  volume  to  Tp  and  T3  was  of  the  order  of  325  ml, 
varying  with  the  various  tubes,  A,  which  were  used  from  time 
to  time. 

Permanent  gases  formed  during  degradation  were  estimated 
from  the  increase  in  pressure  observed  during  degradation  with 
T2  closed  and  C  immersed  in  liquid  nitrogen.  They  were 
analysed  for  carbon  monoxide,  hydrogen,  and  methane  by  methods 
previously  described  (20).  With  C  at  -78°C  the  additional 
pressure  was  due  to  carbon  dioxide  which  was  checked  by  ab¬ 
sorption  on  soda  asbestos  (B.D.H.  Ltd. ,  mi croanalytical 
reagent)  in  D.  Products  not  volatile  at  -78°C  but  volatile 
at  room  temperature  were  distilled  into  the  calibrated 
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figure  4.  Degradation  apparatus 
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capillary  E  and  stored  at  -18°C.  They  consisted  of  the 
monomers  and  were  analyzed  by  standard  gas-liquid  chromato¬ 
graphy  techniques  by  use  of  a  Perkin-Elmer  Fractometer. 
Methanol  was  sought  in  this  fraction  but  never  found. 

Products  involatile  at  room  temperature,  which  had  condensed 
on  the  area  of  the  reaction  vessel  cooled  by  B,  were  estimated 
by  weighing  the  reaction  vessel  before  and  after  their  re¬ 
moval  by  solvent. 

Thermal  volatilization  analyses  were  carried  out  on 
equipment  which  has  already  been  described  in  detail  by 
McNeill  (21). 

Molecular  Weights 

Number-average  molecular  weights  were  measured  by  using 
a  Mechrolab  high-speed  membrane  osmometer.  The  molecular 
weights  of  the  poly(methyl  methacrylate)  (PMMA)  and  the  112/1, 
26/l,  7*7/l  and  2/l  copolymers  were  82  x  10^,  60  x  10  , 

60  x  10  ,  42*5  x  10  ,  and  37  x  10  ,  respectively. 

Spectroscopic  Measurements  ' 

Infrared  spectra  were  obtained  by  using  a  Perkin-Elmer 
237  spectrophotometer.  Materials  of  lower  MA  content  were 
used  in  the  form  of  a  film  mounted  between  brass  rings  to 
prevent  warping.  For  copolymers  of  higher  acrylate  contents 
and  for  degradation  residues,  films  were  deposited  on  NaCl 
plates  from  chloroform  solution,  the  last  traces  of  solvent 
being  removed  by  heating  at  50°C  in  a  vacuum  oven  for  2 A  hr. 

Ultraviolet  spectra  were  obtained  by  using  a  Uni  Cam  model 
SP800  spectrophotometer  with  the  polymer  either  in  the  form  of 
film  or  in  chloroform  solution. 


RESULTS  AND  DISCUSSION 
Thermal  Volatilization  Analysis 

Thermal  volatilization  analysis  thermograms  for  25  mg, 
samples  of  PMMA  and  the  four  copolymers  are  compared  in 
Figure  5.  Below  200°C  the  evolution  of  occluded  volatile 
material  is  observed  as  the  polymer  melts  and  softens.  At 
higher  temperatures  there  are  two  obvious  trends  in  the 
characteristics  of  evolution  of  volatile  products  of 
degradation  as  the  MA  content  of  the  copolymer  is  increased. 
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First,  the  peak  in  the  vicinity  of  280°C  progressively 
decreases.  Second,  the  maximum  of  the  main  peak  moves  to 
higher  temperatures.  It  is  obvious  from  these  thermograms 
that  volatilization  occurs  at  an  appreciable  rate  at  tem¬ 
peratures  above  260°C,  so  that  the  temperature  range  260-300°C 
may  be  most  convenient  for  isothermal  studies. 

The  volatilization  thermogram  for  PMMA,  in  Figure  5,  has 
previously  been  accounted  for  (21,22)  in  terms  of  the  known 
degradation  properties  of  this  material.  The  lower  tem¬ 
perature  peak  is  the  result  of  depolyrnerization  initiated  at 
unsaturated  terminal  structures.  The  peak  at  higher  tem¬ 
perature  is  the  result  of  depolymerization  initiated  by  random 
scission  of  the  polymer  molecules. 

In  the  light  of  previous  work  on  the  influence  of  co¬ 
monomers  on  the  degradation  properties  of  PMMA  (14-16)  there 
are  two  possible  explanations  of  the  progressive  decrease  in 
the  amount  of  chain  terminally  initiated  depolymerization  as 
the  MA  content  of  the  copolymer  is  increased.  The  first  and 
most  obvious  explanation  is  that,  as  in  MMA  copolymers  with 
acrylonitrile  (15),  units  of  the  second  monomer  block  the 
passage  of  chain  depolymerization.  Blocking  of  this  kind  is 
certainly  not  complete  since  monomeric  MA  does  appear  among 
the  reaction  products.  The  constant  ratio  throughout  the 
range  of  copolymer  compositions  studied,  of  one  MA  unit  in 
four  being  liberated  as  monomer  (see  Table  3)  may  be  some 
measure  of  the  blocking  efficiency  in  the  temperature  range 
of  the  randomly  initiated  reaction.  The  blocking  efficiency 
at  the  lower  temperature  at  which  the  terminally  initiated 
reaction  occurs  should  be  very  much  greater  as  in  acrylonitrile 
copolymers  (16). 


Table  3.  Composition  of  Volatile  Products  of  Degradation 


Composition, 

fa  by  weight  of 

total 

volatiles 

Polymer 

co2 

Permanent  gases 

Methanol 

MMA 

MA 

Chain  fragments 

PMMA 

<■* 

>96 

112/1 

Trace 

— 

— 

>96 

— 

Trace 

26/1 

1 

Trace 

— 

93 

0*8 

5 

7-7/1 

1 

0-1 

— 

87 

2*5 

10 

2/1 

3 

0*4 

— 

64 

7*0 

25 

PMAa 

7-5 

1 

15 

0*76 

75 

a  Data  of  Madorsky  (25) 
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It  is  not  possible  to  make  quantitative  deductions  from 
monomer  ratio  data  alone,  however,  since  the  MA-terminated 
radical  which  results  from  this  kind  of  blocking  must  ultimately 
undergo  some  further  reaction  which  may  complicate  the  situation. 

The  second  explanation  of  the  suppression  of  the  terminally 
initiated  reaction  is  that,  as  in  the  copolymerization  of  MMA 
and  styrene  (14,23),  the  presence  of  the  second  monomer  favours 
combination  rather  than  disproportionation  as  the  termination 
step.  In  this  way  the  proportion  of  terminally  unsaturated 
structures  is  drastically  reduced  even  in  copolymers  containing 
quite  small  proportions  of  styrene.  An  assessment  of  this 
possibility  cannot  be  made  for  the  MMA-MA  system,  however, 
since  the  relevant  copolymerization  data  are  not  available. 

The  tendency  for  the  high  temj)erature  peak  to  move  to  higher 
temperatures  with  increasing  MA  content  favours  the  first 
theory.  Thus  it  can  be  accounted  for  in  terms  of  a  progressive 
decrease  in  the  amount  of  monomer  produced  per  initiation. 

This  chain  or  zip  length  for  depolymerization  should  not  vary 
with  copolymer  composition  if  the  second  theory  applies  to  the 
complete  exclusion  of  the  first. 

Thus  it  is  clear  that  the  progressive  suppression  of  the 
low  temperature  peak  in  the  volatilization  thermograms  in 
Figure  5  can  be  accounted  for  qualitatively  in  terms  of  blocking 
by  MA  units,  although  some  contribution  to  the  effect  by  a  de¬ 
crease  in  the  proportion  of  unsaturated  chain  ends  formed  during 
copolymerization  cannot  be  entirely  eliminated. 

Changes  in  Molecular  Weight 

Figure  6  illustrates  the  changes  which  occur  in  the 
molecular  weight  of  the  26/l  copolymer  during  degradation  in 
the  temperature  range  282-326°C.  The  other  copolymers  behave 
similarly.  Although  this  behaviour  is  characteristic  of  a 
random  scission  process  it  cannot  be  taken  as  evidence  in 
favour  of  the  random  initiation  reaction  discussed  above,  since 
the  large  chain  fragments  which  are  seen  in  Table  3  to  be  a 
major  product  of  degradation  of  the  copolymers  must  be  formed 
in  transfer  reactions  of  the  type  which  also  lead  to  chain 
scission  during  the  thermal  degradation  of  poly(methyl  acrylate) 
(PMA). 

All  the  copolymers  remain  completely  soluble,  even  after 
extensive  degradation,  which  contrasts  with  the  tendency  to 
gel  formation  in  PMA  (24). 

A  close  association  between  chain  scission  and  the  production 
of  carbon  dioxide  is  demonstrated  in  the  following  chapter  (18). 
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Molecular  weight  changes  during  degradation  of  26/l 
methyl  methacrylate-methyl  acrylate  copolymer. 
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Volatile  Products  of  Degradation 

The  compositions  of  the  volatile  products  of  degradation 
of  the  copolymers  and  the  two  homopolymers  are  compared  in 
Table  3.  Each  of  the  results  quoted  represents  an  average 
of  3-5  experiments  carried  to  relatively  high  extents  of 
volatilization  in  the  temperature  range  260-300°C.  The  per¬ 
manent  gas  fraction  is  found  to  consist  of '  hydro  gen  with 
traces  of  methane  and  carbon  monoxide. 

The  yields  of  chain  fragments,  carbon  dioxide,  and  per¬ 
manent  gases  are  approximately  as  one  would  predict  from  the 
copolymer  compositions  and  the  behaviours  of  the  homopolymers. 

There  are,  however,  at  least  two  major  deviations  between  the 
pattern- of  products  predicted  in  this  way  and  the  actual  ex¬ 
perimental  results,  First,  no  methanol  is  obtained  from  any 
of  the  copolymers  in  spite  of  the  high  yield  from  PMA.  Thus, 
because  the  yield  of  carbon  dioxide  is  proportional  to  the  MA 
content,  it  seems  that  carbon  dioxide  and  methanol  are  produced 
in  two  completely  separable  reactions.  This  is  perhaps  sur¬ 
prising,  since  the  methanol  and  carbon  dioxide  must  both  be 
associated  with  decomposition  of  the  ester  group  in  the  MA 
unit.  Secondly,  MA  is  obtained  from  the  copolymers  in  larger 
amounts  than  might  be  expected  from  the  behaviour  of  PMA. 

This  was  previously  observed  by’ Strassburger  and  his  colleagues  (26). 
It  is  obvious  from  the  data  in  Table  3  that  a  fairly  constant 
ratio  of  about  1  in  4  of  the  MA  units  in  the  26/l,  7*7/l  and 
2/l  copolymers  are  liberated  as  monomer.  The  amount  produced 
from  the  112/1  copolymer  was  too  small  to  be  detected. 

Unsaturation  in  the  Residual  Copolymer 

At  higher  extents  of  degradation,  residual  copolymer  is 
coloured  yellow.  Por  comparable  extents  of  volatilization  the 
depth  of  colour  increases  with  increasing  MA  content  of  the 
copolymer.  Ultraviolet  spectra  show  an  increase  in  absorbance 
in  the  2750-3750  A  region,  as  illustrated  in  Figure  7.  Table  4 
shows  the  colour  to  be  ex|>ected  and  the  wavelength  of  absorption 
for  various  lengths  of  carbon-carbon  conjugation  which  suggests 
that  conjugated  sequences  up  to  six  units  in  length  are  present 
in  the  coloured  material.  The  development  of  absorption  at 
1630  cm-l  in  the  infrared  spectrum  of  degraded  polymer,  as  in 
Figure  8,  is  confirmation  of  the  appearance  of  ethylenic 
structures . 
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Figure  7.  Ultraviolet  absorption  spectra  of  2/l 
methyl  methacrylate-methyl  acrylate 
copolymer  in  chloroform  solution: 

(A)  undegraded ;  (B)  after  5 Of,  volatilization 
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Figure  8.  Infrared  absorption  spectra  of  films  of  2/l,  methyl 
methacrylate-methyl  acrylate  copolymer: 

( — )  undegraded;  ( - )  after  50 <fo  volatilization. 
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Table  4.  Colour  and  Absorption  Maxima  for 
Conjugated  Ethylenic  Structures 


Length  of 
conjugation 

Colour  * 

Absorption 
maximum,  il 

4 

Pale  yellow 

2960 

5 

Pale  yellow 

3350 

6 

Yellow 

3600 

8 

Orange 

4150 

The  development  of  ethylenic  conjugation  is  reminiscent 
of  the  degradation  behaviour  of  polyvinyl  esters  which  liberate 
the  corresponding  acid  in  a  chain  process  which  progresses 
along  the  polymer  molecule.  The  ability  of  polymers  to 
develop  this  kind  of  conjugation,  presumably  by  the  liberation 
of  hydrogen,  has  been  demonstrated  for  polyethylene  (27)  and 
polystyrene  (28)  under  high  energy  and  ultraviolet  irradiation, 
respectively.  It  has  been  suggested  (29)  that  once  a  radical 
is  produced  on  the  polymer  chain  the  reaction  may  proceed  in 
these  polymers  by  a  mechanism  strictly  analogous  to  the  radical 
mechanism  which  has  been  proposed  for  the  degradation  of  poly 
(vinyl  chloride)  (30): 

' — ■ch2-ch-ch2-ch'2-cii2-ch^ — 

— ~  CH2-CH=CII-CH2-CH2-CH2  +  h- 

— CH2-CH=CII-CH-CH2-CH—  +  H2  [l] 

A  comparable  reaction  in  MMA-MA  copolymers  would  involve  the 
evolution  of  one  or  more  of  the  products  hydrogen,  methane  and 
methyl  formate  and  could  account  for  at  least  some  of  the 
hydrogen  and  methane  which  have  been  shown  above  to  appear 
among  the  volatile  products.  In  the  present  instance,  the 
initial  radicals  would  be  produced  in  the  kind  of  transfer 
reactions  which  lead  to  large  volatile  fragments  and  chain 
scission  in  the  degradation  of  PMA  (eq.  [2j). 

H 

R*  +  ~~CII„-C —  -*  RII  +  —  CH0-C — ~  [2] 

COOCH3  COOCH3 
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Absence  of  Methanol  among'  the  Reaction  Products 

The  complete  absence  of  methanol  from  the  volatile 
products  of  degradation  of  all  four  copolymers  is  an  unexpected 
feature  of  the  reaction  in  view  of  its  prominence  among  the 
products  from  PMA.  It  vould  appear  that  while  methanol  pro¬ 
duction  is  a  .property  of  long  sequences  of  methyl  acrylate 
units,  it  is  not  a  property  of  isolated  units  and  in  this  con-, 
nection  it  is  clearly  of  interest  to  obtain  information  about 
the  distribution  of  MA  units  in  the  various  copolymers  under 
discussion.  Harwood  ( 3 1 )  has  shown  how  the  sequence  dis¬ 
tribution  of  monomer  units  in  copolymers  can  be  predicted 
provided  reactivity  ratios  and  monomer  mixture  or  copolymer 
composition  are  known.  By  using  Harwood's  methods,  the  data 
in  Table  5  have  been  calculated  for  the  four  copolymers.  The 
first  five  columns  in  Table  5  are  self-explanatory.  The  data 
in  the  last  column  represent  the  relative  percentage  concen¬ 
trations  of  MA  units  in  the  middle  of  MA  triads  whose  immediate 
environment  is  thus  comparable  with  the  environment  of  a  MA 
unit  in  a  PMA  molecule. 


Table  5.  Data  on  Sequence  Distribution  in  the  Copolymers 


Copolymer 

omposition 

(MMA-MA) 

MMA-MMA 
bonds  in 
copolymer, 

* 

MMA-MA 
bonds  in  ’ 
copolymer , 

at 

7° 

MA-MA 
bonds  in 
copolymer , 

% 

Fraction  z 
of  MA  in 
middle  units 
of  MA  triads 

Z  x  MA 

in 

copolymer 

112/1 

98*234 

1*762 

0*004 

0*000020 

0*000017 

26/1 

92*675 

7*  25 

0*075 

0*0004 

0*0015 

7*7/1 

77*95 

21*1  , 

0*95 

0*0069 

0*08 

2/1 

42*3 

■ 

48*8 

8*9 

0*073 

2*43 

In  order  to  be  able  to  discuss  the  whole  question  of 
methanol  production  in  a  completely  satisfactory  way  it  will 
clearly  be  necessary  to  study  copolymers  covering  the  whole 
composition  range.  However,  the  fact  that  no  detectable 
amounts  of  methanol  were  obtained  from  any  of  the  copolymers 
under  discussion  allows  a  few  observations  to  be  made.  For 
example,  it  is  clear  that  methanol  production  is  not  even  a 
property  of  pairs  of  MA  units  since  measurable  amounts  of 
methanol  would  have  been  produced  from  the  2/l  copolymer,  8*9 % 
of  whose  chain  linkages  are  between  pairs  of  methyl  acrylate 
units.  Only  2*43 *?<>  of  all  chain  units  are  in  an  environment 
comparable  with  PMA  chain  environment.  Thus  by  comparison 
with  PMA  (Table  3)  one  would  expect  methanol  to  comprise  about 
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0‘36  fo  of  the  total  products  which  is  at  the  limit  of  the 
analytical  methods  used.  These  results  therefore  indicate 
that  sequences  of  at  least  three  MA  units  are  necessary  for  the 
evolution  of  methanol.  This  conclusion  is  in  accord  with  the 
thermal  degradation  behaviour  of  ethylene-MA  copolymers  (32). 

Thus  block  copolymers  produce  methanol  in  the  quantities  ex¬ 
pected  from  the  MA  content  while  random  copolymers  produce  very 
much  less. 

Apparently  conflicting  results  have  been  reported  for 
pyrolysis-gas-liquid  chromatography  studies  on  MMA-MA  copolymers 
(26)  when  it  was  found  that  a  4/l  copolymer  yielded  methanol. 
However,  in  the  preparation  of  this  copolymer  the  conversion  of 
the  monomer  mixture  was  carried  to  100c/o  so  that  in  the  later 
stages  of  the  copolymerization  virtually  pure  PMA  was  being 
formed.  It  was  also  reported,  however,  that  an  equivalent  mix¬ 
ture  of  the  two  homopolymers  gave  a  much  higher  yield  of  methanol 
than  a  copolymer  of  the  same  overall  composition. 

Production  of  Methyl  Acrylate  and  Chain  Fragments 

Although  the  principal  products  of  degradation  of  PMA  and 
PMMA  are  so  different,  the  reactions  have  been  explained  in 
terms  of  a  single  chain  depolymerization  mechanism  in  which 
there  are  two  competing  stej>s,  namely  depropagation  and  intra¬ 
molecular  transfer  (l).  In  PMMA  the  former  predominates  so 
that  high  yields  of  monomer  are  obtained,  while  in  PMA  the  latter 
predominates  to  give  long  chain  fragments  as  the  principal 
product.  It  is  clear  from  Table  3  that  as  one  would  expect, 
a  high  proportion  of  the  Mil  in  the  copolymers  is  accounted  for 
as  monomer  among  the  products.  Table  3  also  shows  that  the 
yields  of  MA  and  chain  fragments  both  increase  in  proportion 
to  the  concentration  of  MA  in  the  copolymers.  The  constant 
ratio,  throughout  the  copolymer  composition  range  studied,  of 
one  MA  unit  in  four  being  liberated  as  monomer  is  therefore  a 
measure  of  the  relative  probabilities  of  depropagation  and 
transfer  occurring  at  a  long  chain  radical  terminated  by  a  MA 
unit.  In  copolymers  containing  higher  proportions  of  MA  in 
which  a  higher  proportion  of  the  MA  units  will  occur  in  groups, 
depropagation  will  be  inhibited  as  in  PMA,  and  these  relation¬ 
ships  will  undoubtedly  break  down. 

Production  of  Carbon  Dioxide 

Carbon  dioxide  is  not  jxroduced  in  significant  quantities 
during  the  thermal  degradation  of  PMMA.  On  the  other  hand, 
the  data  in  Table  3  demonstrate  that  the  yields  of  carbon  dioxide 
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from  the  copolymers  are  approximately  in  proportion  to  the  MA 
content  so  that  liberation  of  carbon  dioxide  may  be  a  property 
of  individual  MA  units.  In  view  of  a  possible  association  of 
chain  scission  with  MA  units  it  seems  that  carbon  dioxide  might 
also  be  closely  associated  irith  chain  scission.  It  is  also 
clear  tliat  since  chain  scission  plays  such  a  vital  part  in  this 
degradation  process  its  mechanism  will  have  to  be  clarified  if 
a  satisfactory  picture  of  the  overall  reaction  is  to  be  given. 
It  has  therefore  been  found  convenient  to  devote  the  following 
chapter  to  ea,rbon  dioxide  production  and  chain  scission  leading 
to  a  discussion  of  mechanism  and  kinetics. 


CONCLUSIONS 

The  high  rates  of  monomer  production  from  PIMA  due  to  chain 
terminal  initiation  are  suppressed  in  the  copolymers  due  to  the 
blocking  of  the  depr opagation  process  by  the  MA  units.  Thus 
degradation  occurs  in  the  copolymers  only  at  temperatures  at 
which  PMMA  molecules  devoid  of  terminal  unsaturation  degrade. 

This  involves  random  scission  followed  by  depropagation.  When 
depropagation  reaches  an  isolated  unit  of  MA,  there  is  com¬ 
petition  among  deprogagation,  intramolecular  transfer,  and 
intermolecular  transfer  which  results  in  MA  monomer,  large 
chain  fragments  and  chain  scission,  respectively.  Depropagation 
is  unlikely  to  occur  from  a  radical  chain  end  which  comprises  a 
sequence  of  more  than  one  MA  unit  so  that  only  the  transfer 
processes  can  occur.  During  the  course  of  the  reaction  the 
copolymers  become  yellow,  the  rate  of  coloration  being  greater 
the  greater  the  MA  content  of  the  copolymer.  This  has  been 
associated  with  the  formation  of  carbon-carbon  conjugation  in 
the  chain  backbone.  It  seems  possible  that  hydrogen  and 
methane,  which  appear  as  minor  products  of  the  reaction,  are 
being  liberated  from  adjacent  units  in  the  polymer  molecules  in 
a  chain  reaction  which  is  initiated  by  the  intermolecular 
transfer  process  mentioned  above  and  which  is  therefore  in 
competition  with  chain  scission. 

The  fact  that  methanol  does  not  appear  among  the  volatile 
products  of  degradation  of  any  of  the  copolymers  demonstrates 
that  at  least  three  adjacent  units  of  MA  are  necessary  in  the 
polymer  chain  for  its  formation. 
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CHAPTER  4 


THERMAL  DEGRADATION  OP  COPOLYMERS  OP  METHYL 
METHACRYLATE  AND  METHYL  ACRYLATE.  B.  CHAIN 
SCISSION  AND  THE  MECHANISM  OF  THE  REACTION 


INTRODUCTION 

It  was  suggested  in  the  previous  chapter  (33)  that  there 
may  be  a  link  between  the  chain  scission  and  the  production  of 
carbon  dioxide  which  occur  during  thermal  degradation  of  methyl 
methacrylate-methyl  acrylate  (MMA-MA)  copolymers.  In  the 
present  chapter  it  is  demonstrated  that  over  the  range  of 
copolymer  compositions  studied  one  molecule  of  carbon  dioxide 
is  liberated  for  each  chain  scission.  It  is  therefore  possible 
to  use  carbon  dioxide  production  as  a  measure  of  chain  scission 
and  thus  to  study  the  relationship  between  chain  scission  and 
certain  other  features  of  the  reaction  in  a  very  much  more 
sensitive  way  and  to  larger  extents  of  reaction  than  is  possible 
by  use  of  the  more  conventional  measurement  of  molecular  ■weight. 


EXPERIMENTAL 


The  polymers  referred  to  and  the  experimental  methods 
applied  in  the  present  chapter  are  those  described  in  the 
previous  chapter  (33). 


RESULTS  AND  DISCUSSION 

Chain  Scission  and  Carbon  Dioxide  Production 

A  typical  series  of  curves  for  the  production  of  carbon 
dioxide  over  a  range  of  temperatures  is  illustrated  in  Figure  9. 
During  the  initial  period  of  low  reaction  rate,  which  is  more 
pronounced  the  lower  the  temperature,  the  copolymer  retains  its 
powdery  appearance  and  has  clearly  not  attained  the  temperature 
of  the  reaction  vessel.  The  point  of  transition  to  the  higher 
rate  can  be  seen  to  be  associated  with  the  conversion  of  the 
polymer  to  a  transparent  film.  This  may  be  loosely  termed 
melting.  The  mobility  of  the  "molten"  polymer  thereafter  will 


ire  9.  Production  of  carbon  dioxide  during  degradation 
of  7* //I  methyl  methacrylate-methyl  acrylate 
copolymer. 


ensure  that  its  temperature  rises  rapidly  to  that  of  the 
reaction  vessel  and  the  subsequent  high  rate  may  be  taken  as 
a  reliable  measure  of  the  rate  at  the  temperature  quoted.  By 
heating  copolymer  samples  slowly  it  was  confirmed  by  visual 
observation  that  the  "melting  points"  are  all  in  the  range 
240-260°C  whereas  pure  PMMA  "melted"  at  160-170°C. 

It  has  previously  been  shown  (13)  that  the  number  of  chain 
scissions  N  which  has  occurred  per  molecule  of  copolymer  is 
given  by  equation  [3], 

N  =  [ M Q ( 1  -  x)/M]  -  1  [3] 

in  which  M0  and  M  are  the  original  molecular  weight  and  the 
molecular  weight  at  an  extent  of  volatilization  x,  respectively 
In  Figure  10  chain  scissions  per  molecule  of  polymer  calculated 
in  this  way  are  plotted  against  molecules  of  carbon  dioxide 
produced  per  molecule  of  polymer  at  a  variety  of  temperatures 
for  various  extents  of  degradation  of  the  four  copolymers  (see 
Table  6,  columns  5  and  6).  The  straight  line  in  Figure  10 
has  been  drawn  with  a  slope  of  45°.  It  is  obvious  that  within 
experimental  error  and  over  the  range  of  experimental  con¬ 
ditions  represented  in  Figure  10,  each  chain  scission  in  all 
four  copolymers  is  associated  with  the  production  of  one 
molecule  of  carbon  dioxide.  Beyond  about  45c/>  volatilization 
there  is  some  deviation  from  this  relationship,  but  this  is 
due  to  the  fact  that  polymer  molecules  are  then  disappearing 
from  the  system  in  appreciable  quantities  by  complete  un¬ 
zipping  so  that  equation  [3]  no  longer  applies.  Since  the 
molecular  weight  decreases  so  rapidly  during  degradation  and 
since  the  measurement  of  low  molecular  weight  is  inaccurate 
owing  to  diffusion  effects  in  the  osmometer,  the  measurement 
of  the  production  of  carbon  dioxide  is  very  much  more  reliable 
at  all  but  the  lowest  extents  of  degradation.  For  this  reason 
all  chain  scission  data  quoted  in  the  following  sections  of 
this  chapter  were  calculated  from  carbon  dioxide  production 
data. 

Volatilization,  Chain  Scission,  and  Zip  Length 

The  previous  chapter  (33)  has  shown  the  reaction  to  con¬ 
sist  essentially  of  chain  scission  followed  by  three  competing 
reactions,  namely,  depropagation  to  monomer,  intramolecular 
transfer  giving  large  chain  fragments,  and  intermolecular 
transfer  which  may  lead  to  further  chain  scission  or,  to  a 
lesser  extent,  to  conjugated  unsaturation  in  the  polymer 
backbone.  It  seems,  therefore,  that  there  should  be  at  least 


Chain  Scissions /molecu 


Figure  10. 
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Table  6.  Summary  of  Carbon  Dioxide-Chain  Scission  Data 


>polymer 

Degradation 

tem¬ 

perature, 

°c 

Volatil¬ 

ization, 

MW  of 
residue 

Scissions/ 

molecule 

Molecules 

CO^/molecul 

112/1 

294 

6*6 

66,000 

7*46 

8*2 

282 

22*5 

— 

— 

^•2 

294 

31*5 

58,000 

6*21 

11*6 

26/1 

282 

26*0 

15,000 

28*6 

24*5 

282 

62*0 

— 

— 

52*4 

282 

79*5 

- 

— 

66.0 

294 

2*3 

175,000 

2*34 

2*8 

294 

23*6 

40,000 

11*8 

17*6 

272 

— 

190,000 

2*2 

1*9 

294 

12*5 

115.000 

4*8 

6*0 

326 

11*0 

110,000 

4*68 

6*6 

7*7/1 

.  282 

16*4 

-  27,000 

12*1 

10*5 

282 

25*0 

23,600 

12*5 

12*4 

282 

31*4 

13,000 

21*3 

17*8 

294 

17*3 

20,000 

17*5 

16*1 

294 

32*2 

l  ■ 

. 

— 

18*0 

294 

50*3 

_ 

1 

:  ~~ 

30*0 

326 

74*7 

_ 

! 

35*5 

2/1 

294 

13*9 

15,000 

|  20*3 

22*0 

310 

5*3 

'  24,000 

13*6 

11*2 

310 

15*4 

;  16,800 

17*7 

17*7 

310 

27*3 

| 

|  — 

1  35*5 

310 

45*2 

i 

! 

j 

48*0 

310 

i 

53*4 

! 

i 

!  “• 

i 

60*0 

a  qualitative  correlation  between  the  number  of  monomer  units 
liberated  per  chain  scission,  the  zip  length,  and  copolymer 
composition  and  the  pattern  of  products  described  in  the 
previous  chapter. 

On  plotting  representative  data  from  Table  6  as  in  Figure 
11,  it  is  clear  that  over  a  large  part  of  the  reaction  a  con¬ 
stant  amount  of  volatilization  occurs  per  chain  scission  for 
each  copolymer,  which  is  consistent  with  the  reaction  mechanism 
outlined  above.  From  the  slopes  of  plots,  as  in  Figure  11, 
the  zip  length  for  each  copolymer  can  be  calculated  as  in 
Table  7.  Although  there  may  be  considerable  experimental  error 
in  these  values  of  zip  length,  they  are  undoubtedly  correct  to 
within  10c/o, 
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Figure  11.  Relationship  between  volatilization  and  chain 
scissions  during  degradation  of  26/l  methyl 
me thacrylate —  methyl  acrylate  copolymers: 

(o)  282°C ;  (o)  294°C;  (it)  326°C. 
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Table  7.  Zip  Lengths 


MW  lost/ 

Average  wt. 

Zip 

Slope 

Initial 

scission 

of  monomer 

Length 

Copolymer 

A 

MW.  M 
’  o 

(MoA/lOO) 

unit  B 

(M  A/100B) 

112/1 

2*9 

600,000 

17,320 

100.0 

173 

26/1 

1*22 

600,000 

7,320 

99*5 

74 

7*7/1 

1*68 

425,000 

7,150 

97*2 

74 

2/1 

0*88 

370,000 

3,260 

95*3 

. 
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Table  5  in  the  previous  chapter  indicates  that  in  the 
112/1  copolymer  the  proportion  of  adjacent  MA  units  is 
extremely  small,  and  indeed  there  must  be  relatively  few  MA 
units  even  in  the  close  vicinity  of  each  other.  Thus  there 
should  be  expected  to  be  relatively  little  intramolecular 
transfer  and  this  is  confirmed  by  the  absence  of  any  sig¬ 
nificant  amount  of  chain  fragments.  In  the  previous  chapter 
it  was  shown  that  approximately  one  in  four  of  the  methyl 
acrylate  units  areliberated  as  monomer  so  it  may  be  assumed 
that  at  least  for  single  MA  units  there  is  a  1  in  4  chance 
that  depropagation  will  pass  through  them.  For  the  112/1 
copolymer  this  will  lead  to  an  average  zip  length  of 
approximately  150  [112  +  (112/4)  +  (112/4^)  +  ...]  which  is 
in  satisfactory  agreement  with  the  value  of  173  in  Table  7. 

As  the  MA  content  of  the  copolymers  is  increased  so  that 
a  greater  proportion  of  the  MA  units  form  adjacent  sequences, 
monomer  production  is  increasingly  suppressed  and  intramolecular 
transfer  with  the  production  of  chain  fragments  plays  an  in¬ 
creasing  part.  Since  the  zip  length  values  in  Table  7  become 
proportionately  greater  compared  with  the  monomer  ratios  in 
the  copolymers  and  since  the  zip  length  includes  chain  frag¬ 
ments  based  as  it  is  on  total  weight  loss,  it  is  obvious  that 
a  radical  terminated  by  a  sequence  of  MA  units  is  very  much 
more  likely  to  undergo  intramolecular  than  intermolecular 
transfer.  The  present  experimental  data  only  allow  these 
qualitative  observations  to  be  made.  A  more  quantitative 
analysis  will  only  be  possible  when  a  precise  analysis  of  the 
chain  fragments  can  be  carried  out. 


Chain  Scission  and  Copolymer  Composition. 

In  view  of  the  possibly  important  part  which  MA  units 
may  play  in  the  chain  scission  process  it  is  important  to 


investigate  the  dependence  of  rate  of  chain  scission  upon  MA 
content  as  a  step  towards  the  establishment  of  the  overall 
reaction  mechanism.  The  rates  of  carbon  dioxide  evolution 
after  "melting"  of  the  polymer  (see  Figure  9)  were  taken  as  a 
measure  of  rate  of  chain  scission.  Owing  to  the  considerable 
potential  experimental  error  and  the  possibility  of  the  sample 
size  influencing  measured  rates,  rates  of  carbon  dioxide  pro¬ 
duction  were  measured  for  samples  of  various  sizes  for  each 
copolymer.  Results  are  illustrated  in  Figure  12,  which 
demonstrates  no  consistent  trend  with  sample  size.  The 
horizontal  lines  indicate  average  values  of  rate.  Figure  13 
illustrates  the  relationship  between  rate  and  MA  content  for 
the  26/l,  7*7/l  and  2/l  copolymers  at  294  and  2^2 °C.  The 
slopes  of  the  straight  lines  through  these  points  are  0*42 
and  0*33  respectively.  Although  the  limited  number  of 
experimental  data  makes'  the  probable  error  fairly  high,  taking 
the  two  sets  of  data  together  it  may  reasonably  be  claimed 
that  the  rate  of  chain  scission  is  proportional  to  less  than 
the  half  power  of  the  MA  content  of  the  copolymer. 


Activation  Energy  for  Chain  Scission 

The  data  for  the  26/l  and  7*7/1  copolymers  in  Figure  12 
are  represented  in  Figure  14  in  the  form  of  an  Arhennius  plot 
from  which  a  value  of  23*5  -  2  k.cal/mole  may  be  dediiced  for 
the  energy  of  activation  of  chain  scission.  This  is  also 
the  value  for  the  energy  of  activation  for  volatilization, 
since  volatilization  has  been  shown  to  be  a  linear  function 
of  chain  scission  for  each  copolymer.  It  is  low  compared 
with  the  values  for  the  initial  volatilization  of  PMMA  (34) 
and  PMA  (25)  which  are  32  and  34  K.cal/mole,  respectively. 

Both  the  low  exponent  in  the  relationship  between  rate  of 
chain  scission  and  MA  content  and  this  low  value  of  energy  of 
activation  are  evidence  in  favour  of  the  involvement  of  chain 
scission  as  an  integral  part  of  a  radical  chain  process. 

Chain  Scission  and  the  Production  of  Permanent  Gases 

It  was  reported  in  the  previous  chapter  that  permanent 
gases,  particularly  hydrogen,  are  produced  during  the  reaction 
although  in  quantities  very  much  less  than  carbon  dioxide. 

It  was  also  suggested  that  these  permanent  gases  might  be 
associated  with  the  colouration  which  occurs,  the  radical 
resulting  from  intermoiecular  transfer  acting  as  a  centre  of 
initiation  for  two  competing  reactions,  the  first  resulting 
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Figure  12.  Dependence  of  rate  of  production  of  carbon  dioxide  on  size  of 

polymer  sample  for  methyl  methacrylate-methyl  acrylate  copolymers. 


ion  and  methyl  acrylate 
crylate  copolymers. 
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directly  in  chain  scission  and  the  second  in  the  evolution  of 
hydrogen  and  methane  in  a  chain  process  similar  to  that  which 
has  been  suggested  for  the  liberation  of  hydrogen  chloride 
from  poly(vinyl  chloride)  (30).  If  these  conclusions  are 
correct,  they  should  provide  a  basis  for  the  explanation  of 
any  relationship  which  exists  between  carbon  dioxide  and 
permanent  gas  production. 

The  data  in  Table  8  demonstrate  that  for  a  wide  range  of 
degradation  temperatures  and  extents  of  reaction,  the  ratio 
of  chain  scissions  to  permanent  gas  production  is  constant 
for  each  copolymer  but  that  the  proportion  of  permanent  gases 
increases  with  the  MA  content  of  the  copolymer.  This  is  in 
accordance  with  the  mechanism  outlined  above.  Thus  the  con¬ 
stant  value  for  each  copolymer  demonstrates  the  close 
association  of  chain  scission  and  permanent  gas  production 
throughout  the  whole  course  of  the  reaction.  Also,  because 
permanent  gas  production  and  colouration  are  associated  with 
MA  rather  than  MMA  units,  the  chain  reaction  in  which  permanent 
gases  are  liberated  is  more  likely  to  occur,  the  greater  the 
probability  that  the  transfer  radical  finds  itself  in  the 
vicinity  of  MA  units;  that  is,  the  greater  the  MA  content  of 
the  copolymer. 


Table  8.  Chain  Scissions  and  Permanent  Gases. 


Copolymer 

i  Degradation 
temperature , 

°C 

Volatil¬ 

ization, 

at 

Chain 

scissions/ 
molecules  of 
permanent  gas 

Average 

ratio 

26/1 

200 

1 

20] 

220 

2 

25  ! 

294 

85 

18  j 

20 

294 

85 

17  \ 

326 

80 

20  J 

7*7/1 

326 

80 

12  ( 

1  9 

326 

1 

12' 

x  & 

2/1 

294 

50 

8] 

310 

52 

71 

8 

310 

60 

8j 

Mechanism  and  Kinetics  of  Chain  Scission 

In  order  to  gain  further  information  about  the  site  of 
the  initial  chain  scission  and  of  the  intermol ecular  transfer 


j 
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process  with  which  chain  scission  and  carbon  dioxide  production 
are  associated,  these  two  processes  may  be  regarded  as  the 
initiation  and  propagation  steps  of  a  chain  reaction  whose 
rate  is  measured  by  the  rate  of  chain  scission. 

In  view  of  the  fact  that  the  degradation  reaction  occurs 
in  the  copolymers  at  the  same  temperature  as  the  randomly 
initiated  phase  of  the  degradation  of  PMMA,  random  initiation 
seems  the  most  likely  initiation  process  in  this  chain  reaction 
Thus  the  rate  of  initiation  would  be  independent  of  the  MA 
content  of  the  copolymer  and  given  by 

rate  of  initiation  =  k.[M  ]  1.4] 

iL  n-  J 

in  which  kj.  is  the  rate  constant  for  initiation  and  L^nl  "the 
concentration  of  the  copolymer  which  may  be  taken  as  constant 
throughout  the  range  of  copolymer  composition  studied. 


The  propagation  step  might  reasonably  be  expected  to 
involve  the  abstraction  of  a  tertiary  hydrogen  atom  from  a 
methyl  acrylate  unit  by  a  polymer  radical,  P*  ,  thus 


rate 


of  propagation 


=  kpL  P* ] [ ma] 
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Chain  scission  and  the  production  of  carbon  dioxide  can  be 
explained  in  terms  of  reaction  of  the  resulting  radical  in 
a  six-membered  ring  mechanism  [eq.  6] 


CII2-.C 


CHo-0  0 

^  V/c 

<£  I  <£ 


COOCII 


3  CH, 


CH, 


-CH0-C- 

i 


+  C0o  +  CH0=C-CH'~ 

d.  d  I  d 


COOCH, 


CH, 


[6] 


I 


The  radical  I  will  liberate  monomer  and  chain  fragments  and 
ultimately  carry  on  propagation  of  the  chain  scission  process 
by  abstracting  a  further  tertiary  hydrogen  atom. 
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In  accordance  with  experimental  findings,  one  molecule 
of  carbon  dioxide  is  produced  per  chain  scission  in  this 
mechanism  if  it  can  be  assumed  that  the  chain  length  is 
appreciable  such  that  the  number  of  initiation  steps  which 
occurs  without  production  of  carbon  dioxide  is  negligible 
compared  with  the  number  of  propagation  steps.  It  may  also 
be  noted  that  a  unit  of  Mh'A  is  formed  in  each  act  of  scission 
which  could  explain  the  small  proportion  of  MMA  which  is  found 
among  the  volatile  products  of  degradation  of  PMA  (35,36). 

Termination  might  reasonably  be  expected  to  occur  by 
mutual  destruction  of  pairs  of  radicals,  so  that 


rate 


of  termination 


= 


Id 


On  applying  stationary-state  kinetics  to  this  mechanism  it 
can  easily  be  demonstrated  that  the  rate  of  chain  scission 
should  be  proportional  to  the  first  poAver  of  the  MA  content 
of  the  copolymer,  which  is  not  in  accordance  Avdth  the  ex¬ 
perimental  values  of  less  than  0*5. 

It  is  possible,  hoA\rever,  that  initiation  may  be  specific¬ 
ally  associated  with  MA  units  and  that  the  propagation  step  is 
random  rather  than  specifically  at  MA  units.  Termination,  on 
the  other  hand,  may  be  associated  Avith  the  hydrogen  and 
methane  loss  reaction: 

(cii3)  (ch3) 

H  H 

I  I 

«~CH— C—  CH„-C—  CHn-C~> — > 

III 

C00CII3  C00CH3  C00CII3 

~-CII0-C  =  CH  •-  C  =  CH  -  C  II0(CH.)  [8] 

2  |  I  |  2  4 

COOCH  COOCH-  COOCH 
II  J  3  d 

Thus  conjugated  radicals  of  type  II  may  be  so  stable  as  to  be 
incapable  of  continuing  propagation  by  abstraction  of  a 
hydrogen  atom  in  which  case  termination  would  become  effect¬ 
ively  first  order  with  respect  to  radical  concentration. 

Eight  different  combinations  of  initiation,  propagation  and 
termination  are  therefore  possible,  as  in  Table  9. 
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Table  9.  Rate  Exponents  for  Various  Reaction  Mechanisms 


Initiati on 

Propagation 

Termination 

n 

Random 

Random 

Pairs  of  radicals 

0 

Random 

Random 

Single  radicals 

0 

Random 

At  MA  units 

Pairs  of  radicals 

1 

Random 

At  MA  units 

Single  radicals 

1 

At  MA  units 

Random 

Pairs  of  radicals 

1 

2 

At  MA  units 

Random 

Single  radicals 

l 

At  MA  units 

At  MA  units 

Pairs  of  radicals 

3/2 

AtMA  units 

At  MA  units 

Single  radicals 

2 

The  exponent,  n,  in  the  relationship, 

Rate  of  chain  scission  =  K[MA]n  [9] 

is!  given  for  each  of  these  combinations  in  the  final  column 
of  Table  9.  Since  the  experimental  value  of  n  was  found  to 
be  less  than  0*5,  it  is  clear  that  a  significant  proportion 
of  both  initiation  and  propagation  must  be  random  although 
it  is  not  possible  to  say,  on  the  basis  of  the  kinetic 
evidence  above,  whether  a  proportion  of  initiation  or  propa¬ 
gation  or  both  are  associated  with  MA  units.  Since  no  bonds 
which  are  thermally  more  labile  than  the  bonds  already  present 
in  PMMA  are  introduced  into  the  molecules  by  MA  units  and 
since  the  introduction  of  MA  units  does  not  lower  the  reaction 
temperature  from  that  of  the  randomly  initiated  degradation 
of  PMMA,  it  seems  most  unlikely  that  there  can  be  a  significant 
proportion  of  preferred  initiation  at  MA  units.  However, 
the  tertiary  hydrogen  atoms  in  MA  will  be  much  more  liable  to 
participate  in  the  propagation  step  than  the  chain  methylene 
groups  whose  reaction  is  implied  by  random  propagation.  The 
fact  that  transfer  of  methylene  hydrogen  atoms  plays  a  sig¬ 
nificant  part  in  presence  of  tertiary  hydrogen  atoms  is  ex¬ 
plained  by  the  very  much  higher  concentration  of  the  former. 

A  reasonable  mechanism  for  chain  scission  and  the  formation 
of  carbon  dioxide,  following  upon  transfer  at  methylene  groups, 
may  be  represented  as  in  equation  [lO]. 
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The  evidence  favours  random  scission  in  reaction  (l)  rather 
than  preferential  scission  at  MA  units.  It  is  the  interplay 
of  reactions  (3), (4),  and  (5)  which  determines  the  principal 
characteristics  of  the  overall  reaction  and  their  variation  with 
copolymer  composition.  If  the  terminal  MA  resulting  from 
reaction  (2)  is  single,  as  would  be  predominantly  so  in  the 
112/1  copolymer,  then  only  reactions  (3)  and  (5)  are  possible. 
When  the  MA  content  is  increased  such  that  MA  units  occur 
increasingly  ingroups,  then  reaction  (4)  becomes  significant 
and,  by  comparison  with  reaction  (5),  proves  to  be  much  faster 
than  reaction  (3).  Although  tertiary  hydrogen  atoms  are 
undoubtedly  more  reactive  in  transfer  processes  than  methylene 
hydrogen  atoms,  the  very  much  higher  concentration  of  the 
latter  in  the  copolymers  ensures  that  reaction  (5)  is  pre¬ 
dominantly  a  random  process. 

Although  for  any  given  copolymer  the  relative  amounts 
of  reactions  (6)  and  (?)  remain  constant  throughout  the  reaction, 
reaction  (7)  becomes  relatively  more  important  as  the  pro¬ 
portion  of  MA  in  the  copolymer  is  increased.  This  is  not 
surprising,  since  the  principal  permanent  gaseous  product, 
hydrogen,  is  to  be  expected  from  the  MA  units  only,  according 
to  the  mechanism  proposed. 


CHAPTER  5 


PHOTODEGRADATION  OP  COPOLYMERS  OP  METHYL 
METHACRYLATE  AND  METHYL  ACRYLATE  AT 
ELEVATED  TEMPERATURES 


INTRODUCTION 

Recent  publications  (15,18,33)  have  demonstrated  hov  the 
presence  of  the  comonomers,  acrylonitrile  and  methyl  acrylate, 
influences  the  thermal  degradation  of  poly(methyl  methacrylate) 
In  both  systems  the  depolymerization  reaction  is  initiated  by 
random  scission  in  the  methyl  methacrylate  segments  of  the 
polymer  chains.  Like  pure  poly(methyl  methacrylate)  these 
copolymers  also  depolymerize  at  elevated  tern peratures  under 
the  influence  of  2 537  A  radiation.  In  the  acrylonitrile 
polymer  ( 1 6 )  however,  the  initiation  process  consists  of  chain 
scission  specifically  at  acrylonitrile  units,  and  the  principal 
differences  between  the  thermal  and  photo  reaction  have  been 
accounted  for  in  terms  of  the  different  sites  of  initiation 
and  the  influence  of  the  temperature  (280°C  and  160°C  for  the 
thermal  and  photo  reactions,  respectively)  and  viscosity  of  the 
medium  upon  the  relative  rates  of  the  subsequent  constituent 
processes  comprising  the  total  reaction.  In  the  present 
chapter  the  princij)al  features  of  the  photodegradation  of  the 
methyl  methacrylate-methyl  acrylate  copolymer  system  are  de¬ 
scribed  and  differences  from  the  thermal  reaction  discussed. 


EXPERIMENTAL 

Copolymers 

The  four . copolymer s  studied  were  those  whose  preparations 
have  previously  been  described  in  chapters  3  and  4  (18,33). 
Their  molar  compositions  are  (MMA/MA)  112/1,  26/l,  7*7/1,  2/l. 

Molecular  Weights 

Number-average  molecular  weights  were  measured  by  use  of 
a  Mechrolab  high-speed  membrane  osmometer. 
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The  amounts  of  material  available  for  the  measurement  of 
molecular  weights  were  of  the  order  of  only  a  few  milligrams. 
Molecular  weight  measurements  are  therefore  subject  to  con¬ 
siderable  error  and  this  accounts  for  the  scatter  of  points  in 
Figures  18  and  19. 

Photodegradation  Techniques 

Photodegradations,  except  those  involving  the  measurement 
of  CC>2  produced,  were  carried  out  as  previously  described  (16), 
the  polymer  (2-4  mg.),  in  the  form  of  a  thin  transparent  film, 
being  jrradiated  in  vacuo,  through  silica,  by  a  source  of 
2537  A  radiation. 

Because  of  the  very  small  amounts  of  CO2  involved  it  was 
found  more  convenient  to  make  the  COp  evolution  measurements 
in  the  apparatus  used  for  thermal  studies  with  a  suitably 
modified  reaction  vessel.  The  exit  tube  was  situated  at  the 
side  of  the  reaction  vessel,  being  replaced  at  the  top  of  the 
reaction  vessel  by  a  silica  window  through  which  the  polymer 
was  irradiated. 

All  product  analyses  were  carried  out  exactly  as  described 
for  the  thermal  reaction. 


RESULTS 

Influence  of  Temperature  on  Rato  of  Volatilization 

The  primary  influence  of  ultraviolet  radiation  on  poly 
(methyl_methacrylate)  is  to  cause  chain  scission,  the  radicals, 

CH- 

1  3 

•~CH0-C* 

2  1 

COOCH3 

ultimately  appearing  in  the  system  (37).  The  overall  charac¬ 
teristics  of  the  photolysis  depends  upon  the  subsequent  re¬ 
actions  of  these  radicals,  which  in  turn  depends  upon  the  tem¬ 
perature.  At  high  temj>eratures ,  at  which  the  polymer  is  in 
the  liquid  state,  monomer  produced  in  the  equilibrium, 

CHo 

I  3 

+  CH0=C 
2  I 
C001I 


CH3 

1  CII0-C-CH0-C* 

2  |  2  | 

COOH3  cook 


CH~ 
I  3 


■  CH„-C' 

2 ’I 


COOIL 


can  easily  escape,  so  that  the  reaction  tends  to  the  right  and 
quantitative  conversion  to  monomer  occurs.  On  the  other  hand, 
at  low  temperatures  when  the  polymer  is  in  the  form  of  a  rigid 
solid,  monomer  can  not  readily  escape,  appreciable  depolymer¬ 
ization  does  not  occur,  and  the  polymer  radicals  subsequently 
mutually  destroy  each  other.  At  low  temperatures,  therefore, 
the  photolysis  is  character ized  by  chain  scission  and  at  high 
temperatur es  by  monomer  production.  It  is  the  high-temperature 
reaction  with  which  this  chapter  is  concerned.  Unfortunately, 
however,  the  range  of  temperature  in  which  this  reaction  can  be 
studied  is  restricted,  the  lower  limit  (m=il500C)  being  governed 
by  the  softening  point  of  the  polymer  and  the  upper  limit 
200° C)  by  the  onset  of  thermal  degradation.  Clearly,  in 
this  temperature  range  the  viscosity  of  the  polymer  is  changing 
rapidly  with  temperature,  and  since  the  viscosity  could  have  a 
profound  influence  on  the  above  equilibrium  it  is  important  to 
obtain  some  assessment  of  the  influence  of  the  viscosity  on  the 
overall  reaction.  The  data  in  Figure  15  demonstrate  that  there 
is  no  significant  change  in  the  rate  of  photodegradation  of  PMMA 
in  the  temperature  range  150-170°C.  Since  the  reaction  consists 
of  photoinitiation  followed  by  complete  unzipping  of  the  polymer 
chains  the  rate  of  the  reaction  should  be  governed  by  the  rate 
of  initiation  and  since  photoinitiation  should  be  associated 
with  an  activation  energy  close  to  zero,  the  constant  rate  is 
accounted  for  and  in  turn  implies  that  there  is  no  significant 
viscosity  effect  which  should  be  expected  to  cause  an  increase 
in  rate  with  temperature.  In  turn,  it  may  be  concluded  that 
the  increase  in  the  rata  of  photodej>olymerization  of  the  two 
copolymers  with  temperature,  illustrated  in  Figure  15,  is  not 
associated  with  a  viscosity  effect  but  is  a  direct  manifestation 
of  the  modification  of  the  overall  reaction  by  the  presence  of 
the  comonomer. 

As  a  result  of  these  experiments,  170°C  was  chosen  as  a 
suitable  temperature  for  a  general  study  of  the  reaction  since 
an  appreciable  rate  of  reaction  was  obtained  over  the  whole 
copolymer  composition  range  without  interference  from  thermal 
degradation.  All  subsequent  data  were  obtained  at  this  tem¬ 
perature  and  are  summarized  in  Table  10.  Chain  scissions  per 
molecule  of  polymer  were  calculated  by  using  the  formula 

N  =  CLq ( 1  -  x)/CL  -  1 

in  which  CL0  and  CL  are  the  original  chain  length  and  the  chain 
length  at  an  extent  of  volatilization  x,  respectively.  The 
number  of  chain  scissions  per  unit  length  of  chain,  n,  given  by 

n  =  N/ CL0  =  [(1  -  x) /CL]  -  ( l/CL0 ) 

must  be  used  as  a  comparative  measure  of  the  extent  of  chain 
scission,  however,  since  the  copolymers  have  substantially 
different  molecular  weights. 


Temperature,  C. 


Extent  of  volatilization  in  30  min  at  various 
temperatures:  (o)  poly(methyl  methacrylate; 

(®).  methyl  methacrylate-methyl  acrylate  copolymer 
(26/1);  (A)  methyl  methacrylate-methyl  acrylate 

copolymer  (7*7/l). 
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TABLE  10.  Photodegradation  Data  Obtained  at  170°C 


Co¬ 

polymer 

Time , 
min 

Volatil¬ 

ization, 

* 

- 

MV  of 
residue 

Chain 
length 
of  co¬ 
polymer 
(CLo) 

Sci 

Per  mole¬ 
cule  (N) 

ssions 

Per  chain  unit 
(n=N/CLo) x  104 

112/1 

0 

0 

600000 

6000 

0 

0 

10 

5*4 

250000 

1*27 

2*11 

30 

20*7 

- 

. 

■ 

— 

— 

60 

41*4 

237000 

0*47 

0*78 

90 

53*6 

— 

120 

60*8 

— 

— 

— 

26/1 

0 

0 

600000 

6030 

0 

0 

i  5 

1*7 

376000 

0*12 

0*19 

1  15 

4*0 

;  248000 

1*32 

2*19 

23 

13*4 

229000 

1*27 

2*11 

30 

30*4 

172000 

1*50 

2*49 

45 

34*2 

180000 

' 

1*19 

1*98 

60 

36*2 

145000 

. 

1*65 

2*73 

90 

46*2 

118000 

1*68 

2*79 

120 

54*0 

125000 

1*21 

2*01 

7*7/1 

0 

o 

!  425000 

43"70 

0 

0 

5 

1*5 

i  411000 

0*02 

0*05 

15 

2*9 

1  321000 

• 

0*27 

0*62 

23 

4*4 

1  181000 

• 

1*25 

2*86 

30 

5*2 

263000 

0*53 

1*21 

45 

16*2 

i  168000 

1*12 

2*56 

65 

20*3 

\  144000 

1*35 

3*09 

75 

22*3 

157000 

1*10 

2*52 

90 

!  27*8 

j  150000 

1*05 

2*40 

120 

29*8 

|  140000 

1*13 

|  2*58 

. 

300 

40*0 

j  81000 

1*96 

;  4*47 

2/1 

~  0 

;  o 

’  370000 

3880 

0 

i  o 

30 

1  1*75 

j-  149000 

l 

> 

1*46 

3*76 

60 

j  5*8 

)  78000 

3*08 

7*95 

150 

{  13*9 

49000 

5*52 

14*22 

300 

j  28*2 

{  45000 

4*91 

j  12*65 

600 

39*6 

!  47000 

j 

3*75 

[  9*65 

Molecxilar  Weight  Changes 

The  changes  in  molecular  weight  which  occur  during 
photodegradation  are  related  to  the  extent  of  volatilization 
in  Figure  16.  Like  the  results  of  thermal  degradation  they 
are  characteristic  of  a  reaction  in  which  random  chain  scission 


Molecular  Weight  ,x  10 


Figure  16.  Change  in  molecular  weight  with  volatilization  for  photodegradation  of  methyl 
methacrylate-methyl  acrylate  copolymers  at  170°C:  (□)  112/1;  (sa)  26/l; 

(A)  7*7/1;  (A)  2/1. 
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is  involved.  Even  in  the  2/l  copolymers  there  is  no  direct 
evidence  of  the  crosslinking  which  is  typical  of  poly(methyl 
acrylate) ,  the  residual  material  being  completely  soluble  in 
all  cases . 

Volatile  Products  of  Degradation 

The  pattern  of  volatile  products  is  closely  comparable 
with  that  produced  in  the  thermal  reaction.  The  only  significant 
difference  concerns  the  ratio  of  the  monomers.  The  gas-liquid 
chromatographic  analysis  of  the  monomer  fractions  are  presented 
in  Table  11,  from  which  it  is  clear  that  approximately  one  in 
ten  of  the  MA  units  is  liberated  as  monomer,  compared  with  one 
in  four  in  the  thermal  reaction. 


TABLE  11.  Molar  Composition  of  Monomeric  Products  (MMA/MA) 


Copolymer 

Products 

112/1 

1000/1 

26/1 

320/1 

7*7/1 

80/1 

Rates  of  Volatilization 


Volatilization  versus  time  curves  for  the  four  copolymers 
and  PMMA  are  compared  in  Figure  17.  It  is  obvious  that,  as 
in  the  thermal  reaction,  increasing  concentrations  of  MA  in¬ 
creasingly  stabilize  the  copolymers. 

Chain  Scission  and  the  Production  of  Carbon  Dioxide 

The  data  in  Table  12  summarize  the  results  of  experiments 
designed  to  determine  the  relationship  between  chain  scissions 
and  CO2  production. 


TABLE  12.  Chain  Scission  and  the  Production  of  Carbon  Dioxide 


Copolymer 

Temp. 

°C 

Volatiliz¬ 
ation,  °/o 

1  MV  of 
residue 

Scissions/ 

molecule 

copT 

mo le  cu 1 e 

co2/ 

scission 

26/1  j 

160 

11*6 

244,000 

1*062 

4*84 

4*5 

170 

11*5 

292,000 

0*82 

4*  46 

5*4 

7*7/1 

170 

24*8 

118,000 

1*71 

5*15 

3*0 

i 

170 

46*2 

70,000 

2*26 

10*6 

4*7 

2/1 

170 

7*4 

75,000 

3*57 

7*47 

2*1 

T;me .  min. 

Figure  17.  Volatilization-time  curves  for  the  photodegradation  of 

poly(methyl  methacrylate)  and  methyl  methacrvlate-methvl 
acrylate  copolymers  at  170°C:  (o)  PMMA ;  (p)  MMA/MA, 112/1 

(R)  MMA/MA,  26/1 5  (A)  MMA/MA,  7-7/1;  (A).  .MMA/MA,  2/1. 
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In  the  thermal  reaction  a  strict  l/l  ratio,  vas  found 
throughout  the  polymer  composition  range  which  made  it  possible 
to  use  CO2  production  as  a  direct  measure  of  chain  scission. 

A  mechanism  for  chain  scission  vas  proposed  which  accounted 
for  these  experimental  observations.  From  the  data  in  Table  12 
it  is  clear  that  .the  CC^/chain  scission  ratio  is  considerably 
greater  than  unity  in  the  photo  reaction.  There  appears  to  be 
some  tendency  for  the  ratio  to  fall  as  the  MA  content  of  the 
copolymer  is  increased,  but  the  very  small  amounts  of  material 
available  make  it  difficult  to  obtain  values  of  molecular  weight 
of  sufficient  accuracy  to  study  the  effect  with  high  precision. 

Chain  Scission  and  Volatilization 

The  relationship  between  chain  scission  and  volatilization 
is  illustrated  in  Figure  18,  the  data  in  Table  10  being  used. 

Once  again,  the  scatter  of  the  experimental  points  can  be  at¬ 
tributed  to  the  difficulty  of  obtaining  accurate  values  of 
molecular  weight,  but,  taken  as  a  whole,  the  results  are  best 
interpreted  as  demonstrating  a  linear  relationship  as  represented 
in  the  figure.  Thus  it  may  be  concluded  that,  as  in  the  thermal 
reaction,  radicals  are  formed  as  a  direct  result  of  chain 
scission  and  that  volatilization  occurs  by  depolyrnerization  of 
these  radicals.  Zip  lengths  may  be  calculated  as  in  Table  13, 
and  the  values  are  seen  to  be  very  much  greater  than  those  ob¬ 
served  in  the  thermal  reaction  which  are  presented  in  the  last 
column  of  Table  13.  However,  as  before,  blockage  of  the  de¬ 
propagation  reaction  by  the  MA  units  is  clearly  occurring, 
since  zip  lengths  decrease  with  increasing  MA  content. 

TABLE  13.  Zip  Lengths  for  Depolyrnerization 


Co¬ 

polymer 

Slope  (Fig,18)A, 

°?q  volatilization 
sc is si  on/molecule 

MV 

MV  lost/ 
scission 
(MV  x  A) 

Average  wti 
of  monomer 
unit  (B) 

■ 

Zip  Length 

MV x  A/B  j  Thermal 

26/1 

22 

600,000 

|  132,000 

S  99*5 

1327 

74 

7*7/1 

17 

425,000 

72,000 

j  97*2 

741 

74 

2/1 

5*5 

370,000 

;  20,300 

95*3 

214  | 

34 

Chain  Scission  and  Copolymer  Composition 

The  time  dependence  of  chain  scission  for  the  four 
copolymers  is  represented  in  Figure  19.  There  is  no  clear 
trend  with  copolymer  composition,  and  all  the  experimental 
points  may  be  reasonably  represented  by  a  single  straight 
line.  Thus  the  rate  of  chain  scission  is  independent  of  the 
MA  content  of  the  polymer. 


Figure  18.  Relationship  between  chain  scissions  and  volatilization  in  the  photodegradation  of 
methyl  methacrylate-methyl  acrylate  copolymers  at  170°C:  (H)  26/l;  (A)  7*7/l;  {&)  2/ 
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DISCUSSION 

Figure  16  demonstrates  that  the  photolysis  of  MMA/MA 
copolymers  at  elevated  temperatures  involves  the  successive 
scissioning  of  the  chain.  Although  the  data  in  Figure  19 
are  of  limited  reliability,  it  is  clear  that  the  rate  of 
chain  scission  is  not  strongly  dependent  upon  MA  content  and 
thus  that  the  scission  reaction  does  not  occur  preferentially 
at  MA  units  but  rather  at  random.  Since  the  rate  of 
volatilization  is  progressively  retarded  by  increasing  MA 
content,  it  may  be  deduced  that  MA  units  block  the  monomer 
producing  depropagation  process.  This  blocking  action  is 
not  complete,  however ,  since  small  amounts  of  MA  monomer  do 
appear  among  the  volatile  products.  In  all  these  aspects 
the  photo  reaction  is  identical  with  the  thermal  reaction. 

There  are,  however,  some  well  defined  differences  between 
the  two  processes  and  the  following  are  probably  the  most 
significant.  Firstly,  the  zip  length  in  the  photo  reaction 
is  very  much  greater  than  in  the  thermal  reaction.  Secondly, 
the  strict  l/l  ratio  between  CO2  molecules  produced  and  chain 
scissions  in  the  thermal  reaction  does  not  apply  to  the  photo 
reaction.  In  this  case  a  very  much  higher  proportion  of  CO2 

appears.  Thirdly,  a  very  much  smaller  proportion  of  the  MA 

is  liberated  as  monomer  in  the  photo  reaction  —  1  in  10  units 
compared  with  1  in  4  in  the  thermal  reaction.  - 

The  reaction  mechanism  shown  in  Scheme  I  was  presented 
previously  to  account  for  the  principal  features  of  the 
thermal  reaction.  The  minor  differences  mentioned  above 
between  the  thermal  and  photo  reactions  can  be  accounted  for 
in  terms  of  this  mechanism  bearing  in  mind  the  differences 
in  the  temperatur es  at  which  the  two  reactions  were  studied. 
These  were  170°C  and  approximately  300°C  for  the  photo  and 
thermal  reactions,  respectively.  In  the  present  instance 
this  difference  in  temperature  may  manifest  itself  through 
the  direct  influence  of  temperature  on  the  relative  rates  of 
constituent  reactions  or  these  relative  rates  may  be  even 
more  strongly  influenced  by  the  very  great  difference  in  the 
viscosity  of  the  medium  at  the  two  temperatures.  At  1'7,0°C 
the  polymer  is  in  the  form  of  a  highly  viscous  mass,  while 
at  300°  it  is  a  relatively  mobile  liquid. 
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Thus  the  greater  zip  length  in  the  photo  reaction  can 
be  accounted  for  by  the  fact  tha,t  the  more  viscous  medium,  by 
suppressing  thermal  motion,  should  be  expected  to  favour 
intramolecular  transfer  [reaction  (4) ,  at  the  expense  of 
intermolecular  transfer  [reaction  (5)].  On  the  other  hand, 
the  greater  C02/chain  scission  ratio  in  the  photo  reaction 
may  result  from  the  higher  viscosity,  favouring  reaction  (7) 
at  the  expense  of  reaction  (6).  These  may  be  represented  in 
more  detail  as  shown  in  Scheme  II,  and  the  lower  molecular 
mobility  at  the  temperature  of  the  photo  reaction  should  be 
expected  to  favour  separation  of  a  mobile  hydrogen  atom  at 
the  expense  of  the  diffusion  apart  of  two  long  chain  species. 
Finally  the  smaller  relative  amount  of  monomeric  MA  produced 
at  the  lower  temperature  may  be  a  measure  of  the  direct 
relative  influence  of  temperature  on  reactions  (3)  and  (4). 
Alternatively  it  may  result  from  the  greater  viscosity  of  the 
medium  inhibiting  diffusion  from  the  site  of  the  reaction  of 
monomer  produced  in  depropagation.  This  would  favour  the 
back-reaction  in  the  equilibrium, 
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CHAPTER  6 


THERMAL  DEGRADATION  OF  COPOLYMERS  OF  METHYL 
METHACRYLATE  AND  n- BUTYL  ACRYLATE. 

A.  EXPERIMENTAL  METHODS. 


SYNTHESIS  OF  COPOLYMERS 

Methyl  methacrylate  (B.D.H.  Ltd.),  n-butyl  acrylate 
(Koch-Light  Laboratories  Ltd.)  and  the  initiator,  2,2'azoiso- 
butyroni trile  were  purified,  using  the  method 
described  in  chapter  3.  The  initiator  concentration  used 
was  0*17$  weight/volume. 

The  volume  of  each  of  the  comonomers  required  to  obtain 
a  copolymer  of  a  given  composition  was  calculated  using  the 
values  of  the  reactivity  ratios  obtained  as  in  chapter  2, 
namely,  1*8  for  methyl  methacrylate  and  0*37  for  n-butyl 
acrylate.  These  calculated  volumes  were  then  distilled 
under  vacuum  into  a  dilatometer  containing  the  appropriate 
amount  of  initiator. 

Polymerizations  were  carried  out  in  bulk  at  60°C  to  a 
maximum  of  8$  conversion.  With  copolymers  of  high  acrylate 
content  only  3  or  4$  conversion  could  be  reached  because  of 
the  high  viscosity  of  the  reaction  mixture.  The  contents 
of  the  dilatometers  were  then  dissolved  in  Analar  toluene  and 
the  copolymer  precipitated  by  addition  to  excess  Analar 
methanol.  The  copolymer  was  filtered  and  dried  under  vacuum 
This  procedure  was  repeated  three  times.  Those  polymers 
with  a  high  methacrylate  content  precipitated  as  a  fine 
powder,  while  acrylate  rich  samples  came  down  as  rubbery 
solids.  All  of  the  copolymers  were  finally  freeze-dried 
from  benzene  solution. 

In  addition  to  seven  copolymers  covering  the  whole 
composition  range,  a  methyl  methacrylate  homopolymer  was 
synthesised.  Homopolymers  of  n-butyl  acrylate  were  also 
available  so  that  it  was  possible  to  examine  the  degradative 
behaviour  of  the  entire  composition  range. 

Copolymer  composition  and  molecular  weight  data  are 
summarised  in  table  14. 
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TABLE  14.  Copolymer  Composition  and  Molecular  Yeight 

Data 


Composition  (mole  percent 
n-butyl  acrylate) 

Number  Average  Molecular 
Yeight,  Mn 

0 

421,000 

0*4 

361,000 

3*9 

337,000 

16*3 

422,000 

50*0 

100,000 

52*4 

1,330,000 

82*2 

52,500 

93*4 

76,500 

DEGRADATION  APPARATUS 

During  this  investigation  two  types  of  degradation 
apparatus  were  used  namely  the  glass  still  which  has  already 
been  described  in  Chapter  2  and  the  sealed  tube. 

The  sealed  tube  is  illustrated  in  figure  20.  Copolymer 
solutions  in  Analar  toluene  (50  mg.  per  ml.)  were  pipetted 
into  limb  C.  The  toluene  was  removed  under  vacuum  so  that 
a  film  of  copolymer  was  deposited  on  the  walls  of  the  tube 
at  C.  When  all  the  solvent  had  been  removed  the  tube  was 
sealed  off  at  A  under  sticking  vacuum.  Limb  C  was  then 
placed  in  an  oven  at  the  required  degradation  temperature, 
while  limb  D  was  immersed  in  liquid  nitrogen.  Degradation 
products  leaving  the  hot  zone  condensed  either  on  the  part 
of  the  tube  passing  through  the  furnace  firebrick  E  or  in 
limb  D  depending  upon  their  volatility.  When  the 
degradation  had  proceeded  for  the  required  time,  the  sealed 
tube  was  removed  from  the  furnace  and  stored  at  -18°C  until 
required.  The  oven  was  a  Catters on-Smith  G31LX  Electric 
Furnace  controlled  by  an  Ether  Transitrol  Controller,  and 
its  temperature  could  be  maintained  to  ±1°C.  This  tem¬ 
perature  was  monitored  throughout  the  degradation  by  a 
thermocouple  sealed  into  an  evacuated  tube  similar  to  the 
one  containing  the  polymer  sample  and  placed  symmetrically 
with  respect  to  it  within  the  furnace.  The  thermocouple 
output  was  fed  into  a  Honeywell  Brown  recorder  so  that  any 
deviation  of  the  furnace  temperature  from  tha.t  required 
could  be  quickly  noted  and  rectified. 
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The  sample  size  was  normally  in  the  range  100  to  500  mg, 
but  when  analysis  of  the  small  amount  of  permanent  gases 
evolved  was  required,  much  larger  samples,  up  to  1*5  g. , 
were  necessary.  The  fact  that  only  small  amounts  of  non¬ 
condensable  material  is  produced  renders  invalid  one 
criticism  often  levelled  at  degradation  systems  which  are 
not  continuously  pumped,  namely  that  diffusion  of  degradation 
products  from  the  hot  zone  is  inhibited  by  the  increase  in 
pressure  in  the  system  thus  encouraging  secondary  reactions 
to  take  place.  The  sealed  tube  technique  is  particularly 
useful  when  the  examination  of  decomposition  products, 
including  chain  fragments,  is  to  be  carried  out. 


PRODUCT  ANALYSIS 

In  this  work  the  terms  "gaseous  products"  and  "gases" 
mean  gases  condensable  at  liquid  nitrogen  temperature,  and 
do  not  normally  include  the  permanent  gases,  which  were  found 
to  be  present  in  only  very  small  quantities. 

For  the  analysis  of  degradation  products  the  sealed 
tube  containing  degraded  polymer  is  attached  to  a  vacuum 
line  at  B,  and  the  capillary  on  limb  D,  in  which  the  liquid 
degradation  products  have  collected,  is  cooled  in  an  ice- 
water  bath.  The  break  seal  is  then  broken  using  a  glass 
covered  metal  weight,  and  the  gaseous  decomposition  products 
distilled  for  exactly  one  minute  into  a  suitable  receiver 
cooled  in  liquid  nitrogen.  The  normal  procedure  followed 
was  to  distil  the  gases  firstly  into  a  constant  volume 
manometer  to  make  pressure  measurements.  From  there  they 
were  distilled  into  an  infra-red  gas  cell  and  then,  a 
spectrum  having  been  run,  they  were  sealed  in  a  glass  sanqjle 
vessel.  This  container  was  fitted  with  a  break  seal  to 
enable  the  gases  to  be  withdrawn  for  further  examination  if 
required,  while  avoiding  the  possibility  of  leaks  or  of  the 
contents  being  absorbed  on  tap  grease. 

To  obtain  samples  of  the  permanent  gases  produced  in 
degradation  a  different  procedure  was  used.  The  capillary 
part  of  the  sealed  tube  was  immersed  in  liquid  nitrogen  and 
the  products  remaining  gaseous  were  collected  in  a  sample 
bulb  using  a  Topler  pump. 

The  residue,  chain  fragments  and  liquid  volatiles  were 
separated  by  cutting  the  sealed  tube  in  the  appropriate 
places  as  they  all  collected  in  different  parts,  C,  E  and  D 
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respectively  (Fig.  20).  The  liquids  were  weighed,  trans¬ 
ferred  to  a  suitable  container  by  a  Pasteur  pipette,  and 
stored  at  -18°C  until  required. 


PRESSURE  MEASUREMENT 


Two  pressure  measuring  devices,  a  constant  volume 
manometer  and  a  McLeod  gauge  suitable  for  use  in  different 
pressure  ranges  were  used  in  this  work.  When  data  on  gas 
evolution  at  low  percentage  conversions  were  required,  as 
in  the  investigation  of  the  relationship  between  carbon 
dioxide  production  and  chain  scission,  involving  measurement 
of  pressures  of  the  order  of  10“2cm#  the  McLeod  gauge  was 
used.  On  the  other  hand,  when  polymers  were  degraded  to 
higher  conversions  so  that  the  pressures  attained  were  of 
the  order  of  several  centimetres,  use  of  the  constant  volume 
manometer  was  indicated. 


MOLECULAR  WEIGHT  MEASUREMENTS 

A  model  301A  Vapor  Pressure  Osmometer  (Mechrolab  Inc.) 
was  used  for  the  measurement  of  molecular  weights  up  to  20,000. 
For  the  measurement  of  higher  molecular  weights  the  Mechrolab 
501  High  Speed  Membrane  Osmometer  was  used.  Typical  vapour 
pressure  and  osmotic  pressure  plots  are  illustrated  in 
figure  21. 


THERMAL  METHODS  OF  ANALYSIS 

The  thermal  volatilization  analysis  (T.V.A.)  technique 
which  was  mentioned  in  chapter  3  was  devised  by  McNeill  ( 2 1 ) . 
It  measures  the  thermal  conductivity  of  the  volatile  material 
evolved  from  a  heated  polymer  sample  which  is  being  con¬ 
tinuously  pumped.  The  differential  condensation  T.V.A. 
apparatus  (D.C. T.V.A.)  (Fig.  22)  is  a  modification  of  the 
original  equipment  which  employs  a  series  of  traps  maintained 
at  different  temperatures .  After  each  trap  is  placed  a 
Pirani  gauge  which  measures  the  transient  pressure  of  material 
not  condensed  by  that  particular  trap.  The  Pirani  outputs 
are  fed  into  a  multipoint  recorder  so  that  the  traces  pro¬ 
duced  are  of  Pirani  response,  which  is  a  measure  of  the  rate 
of  volatilization,  against  time.  The  trace  obtained 
gives  an  indication  of  the  volatilities  of  the  various  pro¬ 
ducts  as  well  as  the  temperature  at  which  they  are  produced. 
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Figure  22.  Schematic  Diagram  of  the  D5.f f erential  Condensation  T. V. A. (D. C .T.V.A 
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A  separate  temperature  versus  time  trace  is  also  recorded 
so  that  when  a  linear  temperature  programme  is  used,  as  is 
normal  practice,  any  deviations  of  the  heating  rate  from 
linearity  may  be  checked. 

For  ther mogravimetric  analyses  the  DuPont  950  instrument 
was  used. 

GAS-LIQUID  CHROMATOGRAPHY 

For  the  most  part  g.l.c.  data  were  obtained  using  a 
Microtek  G.C.2,000R  Research  Gas  Chromatograph  equipped 
with  a  flame  ionization  detector.  Since  gases  such  as 
carbon  monoxide  and  hydrogen  cannot  be  detected  by  such 
flame  ionization  devices,  analysis  of  the  permanent  gas 
fraction  was  carried  out  on  a  modified  Gallenkamp  chromato¬ 
graph  which  had  a  thermal  conductivity  detector.  A  list 
of  the  columns  employed  and  the  conditions  under  which  they 
were  used  is  given  in  table  15 


TABLE  15.  G.L.C.  Columns  used  for  Investigation  of  Degradation  Products 


Column 

Programme 

Use 

Detector 

10  ft.  i  inch 
diameter,  30-60 
mesh  silica  gel 

Isothermal  at  40°C  for 

3  mins.,  then  programme 
at  5°C/rnin.  to  250°C. 

General  gas 
column- 

Flame  ion¬ 
ization 

24  ft.  1/8  inch 
diameter  40/ 
benzyl  cyanide- 
silver  nitrate 

Isothermal  at  room 
temperature 

Separation  of 

C,  olefins. 

4 

Flame  ion¬ 
ization 

20  ft.  %  inch 
diameter,  30-60 
mesh  silica  gel 

Isothermal  at  room 
temperature 

) 

Permanent  gas 
investigation  j 

Thermal  con¬ 
ductivity 

10  ft.  inch 

diameter,  1/  S. 

E. 30  on  100-120 
mesh  embacel. 
(S.E.30  is  a 
silicone  gum) 

Isothermal  for  6  mins, 
at  40°C,  then  pro¬ 
gramme  at  5°C/min. 
to  250°C. 

Liquid  vola¬ 
tiles  and 
short  chain 
fragments . 

Flame  ion¬ 
ization 

10  ft*  i  inch 
diameter,  10/ 
di-nonyl  phthal- 
ate  on  100-120 
mesh  embacel 

Isothermal  at  80°C 

1 

Liquid  vola¬ 
tiles. 

Flame  ion¬ 
ization 

Quantitative  measurements  were  made  on  the  liquid 
volatiles  by  adding  a  known  weight  of  a  suitable  material 
as  internal  standard  to  a  weighed  quantity  of  liquid 
products.  Several  mixtures  of  pure  samples  of  each  of  the 
products  were  made  up  with  known  amounts  of  the  internal 
standard  and  run  on  the  chromatograph  to  determine  the 
sensitivities  of  the  product  compounds  relative  to  the 
standard.  Measurement  of  peak  areas  on  g.l.c.  traces  was 
carried  out  by  planimetry  since  the  peak  area  for  a  particular 
substance  is  proportional  to  the  weight  present.  If  the 
sensitivity  factor,  k,  for  any  product  Y  is  defined  as  the 
ratio  of  the  peak  areas  of  product  to  standard  when  equal 
weights  of  both  are  considered,  then  the  percentage  by 
weight  of  Y  in  G  grams  of  sample  is  given  by: 


$  Y  - 


peak  area  of  Y 


100 


kpeak  area  of  standard/  G/weight  of  standard/ Vk 


A  similar  procedure  was  followed  to  determine  the 
amounts  of  the  various  gases  present,  mixtures  being  made 
up  by  pressure  rather  than  by  weight,  but  as  no  internal 
standard  was  used  in  these  cases,  only  relative  rather  than 
absolute  measurements  were  possible. 


MASS  SPEC  THOME TRY 


Mass  spectra  were  run  on  an  A.E.I.  M.S.12  Mass 
Spectrometer  and  combined  gas  chromatography-mass  spec¬ 
trometry  on  an  L.K.B.  9,000  A  instrument. 

Before  examining  the  liquid  degradation  products  on  the 
combined  instrument  they  were  fractionated  in  order  to  remove 
high  molecular  weight  materials  which  would  contaminate  the 
apparatus.  This  was  done  by  distillation  under  high  vacuum 
from  a  container  at  room  temperature  to  a  receiver  cooled  in 
liquid  nitrogen. 

A  10  ft.  quarter  inch  diameter  1  c/o  S.E.30  column  was 
used  for  the  separation  of  the  liquid  products,  run  iso- 
thermally  at  50°C. 

SPEC TROSCOPI C  MEASUREMENTS 

Infra-red  spectra  were  obtained  on  a  Perkin  Elmer  257 
Grating  Infra-red  Spectrophotometer.  Prior  to  making  any 


measurements  of  gaseous  products  the  infra-red  detector  was 
flushed  with  nitrogen  so  that  quantitative  analysis  of  the 
carbon  dioxide  present  would  not  be  interfered  with  by  the 
presence  of  this  gas  in  the  atmosphere.  Known  pressures 
of  pure  samples  of  each  of  the  product  gases  were  measured 
by  using  the  constant  volume  manometer,  and  infra-red  spectra 
obtained  over  a  wide  pressure  range.  The  optical  density  of 
the  appropriate  peaks  was  then  plotted  against  pressure  of 
the  pure  gas  so  that  these  traces  could  be  used  to  determine 
the  composition  of  the  gaseous  products  of  polymer  breakdown. 

A  Unicarn  SP  800  Spectrophotometer  was  used  for  the 
measurement  of  u.v.  visible  spectra. 

N.M.R.  spectra  were  obtained  on  a  Perkin  Elmer  It  10 
60  Mc/s  spectrometer,  in  carbon  tetrachloride  solution. 

SOL-GEL  ANALYSIS 

The  material  remaining  when  copolymers  of  methyl  meth¬ 
acrylate  and  n-butyl  acrylate  of  high  acrylate  content,  or 
homopolymers  of  n-butyl  acrylate  itself,  are  degraded  is  not 
conrpletely  soluble  in  organic  solvents  such  as  benzene  in 
which  they  could  be  dissolved  before  decomposition.  Sol-gel 
analysis  was  carried  out  oh  this  residue  using  a  Soxhlet  ex¬ 
tractor.  Degradations  were  carried  out  by  the  sealed  tube 
technique  after  which  the  portion  of  the  tube  containing 
residue  was  cut  into  short  sections  about  one  incli  long. 

These  were  weighed  and  placed  in  a  weighed  glass  sinter  of 
porosity  three.  The  whole  assembly  was  then  positioned  in 
a  Soxhlet  extractor  such  that  the  solvent  could  wash,  and 
drain  easily  from,  every  piece  of  the  tube.  Analar  benzene 
was  used  as  solvent  and  the  extraction  continued  for  a 
standard  time  of  twenty  hours.  At  the  end  of  this  time  the 
tube  pieces  and  glass  sinter  were  removed,  drained  for  a  few 
minutes,  then  dried  in  a  vacuum  oven  at  60°C  for  three  hours, 
after  which  they  were  allowed  to  cool  and  were  reweighed. 

The  difference  in  weight  of  the  sinter,  AS,  gives  the  weight 
of  any  insoluble  material  trapped,  while  the  difference  in 
weight  of  the  tube  pieces,  &P,  less  &S,  gives  the  weight  of 
soluble  residue.  This  latter  weight  was  also  determined 
by  distilling  off  benzene  from  the  solvent  reservoir  after 
extraction,  and  determining  the  concentration  of  a  known 
volume  of  this  solution.  The  sealed  tube  sections  were 
immersed  in  soap  solution  overnight,  cleaned  of  all  insoluble 
material,  dried  and  reweighed.  The  difference  in  weight 


before  and  after  this  last  operation,  AQ,  when  added  to  AS 
is  the  weight  of  the  insoluble  residue.  Thus  the  total 
weight  of  residue,  the  weight  of  soluble  residue  and  the 
weight  of  insoluble  residue  have  been  found  and  are  given 
by  (AP+AO)  f  (AP-AS),  and  (AQ+AS)  respectively. 


68  - 


CHAPTER  7 


THERMAL  DEGRADATION  OP  COPOLYMERS  OP  METHYL 
METHACRYLATE  AND  n-BUTYL  ACRYLATE.  B. 
THERMAL  ANALYSIS 


INTRODUCTION 

The  techniques  dealt  with  in  this  chapter  may  be  generally  ap¬ 
plied  to  a  polymer  as  a  preliminary  to  a  thorough  investigation  of 
its  breakdown.  Prom  the  results  of  such  investigations  an  overall 
picture  of  the  decomposition  pattern  of  the  n-butyl  acrylate-methyl 
methacrylate  copolymers  was  obtained  and  a  temperature  range  selected 
in  which  to  examine  their  degradation  in  some  detail  under  isothermal 
conditions. 

THERMAL  VOLATILIZATION  ANALYSIS 
Collection  of  T.V.A.  Data 


All  samples  were  run  as  films  cast  from  1  ml.  of  a  50  mg. /ml. 
Analar  toluene  solution  and  heated  at  10°C/min.  from  ambient  to 
500°C.  The  traces  obtained  are  shown  in  Pigs.  23-30  and  the  tem¬ 
peratures  at  which  rate  maxima  occur  are  listed  in  Table  16. 

It  is  clear  that  the  position  of  the  lowest  temperature  peak 
(A)  is  independent  of  the  n-butyl  acrylate  content  of  the  copolymer 
and  that  it  decreases  in  size  relative  to  the  main  peak  (B)  as  the 
acrylate  content  of  the  copolymer  increases,  becoming  a  point  of 
inflection  when  the  acrylate  content  is  16*3  mole  percent  and  dis¬ 
appearing  altogether  at  50  mole  percent  n-butyl  acrylate.  This 
low  temperature  peak  may  be  ascribed  to  the  products  of  depolymer¬ 
ization  from  unsaturated  methacrylate  chain  end  structures  (22,38). 

The  second  and  main  peak  (B)  moves  to  higher  temperatures  as 
the  n-butyl  acrylate  content  of  the  copolymer  is  increased.  It 
is  associated  with  depolymerization  initiated  by  random  scission 
of  the  main  polymer  chain. 

The  position  of  peak  (C)  appears  to  be  composition 
independent  but  it  is  difficult  to  locate  the  exact  position 
of  this  peak  maximum  for  some  of  the  copolymer  samples. 

This  peak  is  due  to  materials  not  condensable  at  -10Q°C  in  a 
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Figure  23.  D.C.T.V.A.  of  a  polyme thylmeth'a'crylate 
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Figure  24.  D.C.T.V.A,  of  a  0,4  mole  percent  n-butyl 

acrylate  copolymer. 


Figure  25.  D.C.T.V.A.  of  a  3 *9  mole  percent  n-brityl 

acrylate  copolymer. 
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Figure  26.  D.C.T.V.A.  of  a  16.3  mole  percent  n-butyl 

acrylate  copolymer. 
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with  0°C  trace. 

-----75  - - -  -100 

Figure  27.  D.C.T.V.A.  of  a  50.0  mole  percent  n-butyl 

acrylate  copolymer. 


Table  16 
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flow  system  and  could  be  attributed  to  gases  such  as  carbon 
monoxide,  methane,  hydrogen  and  carbon  dioxide.  Peak  (C) 
increases  in  size  with  increasing  acrylate  content.  A  further 
T.V.A.  trace,  shown  in  Figure  30,  was  obtained  from  the  93*4 
mole  percent  n-butyl  acrylate  copolymer  with  one  of  the  traps 
at  liquid  nitrogen  temperature.  Some  material  passes  through 
this  trap,  which  demonstrates  that  permanent  gases  are  formed 
in  the  degradation  process  in  addition  to  carbon  dioxide  which 
would  be  condensed  at  this  temperature. 

It  is  not  possible  to  obtain  quantitative  information 
from  these  traces  about  the  relative  amounts  of  material 
condensable  at  the  various  trap  temperatures  since, 

a.  Pirani  response  is  not  linear  with  pressure,  and 

b.  Pirani  response  depends  upon  the  substance  giving 
rise  to  that  response. 

The  trace  from  the  trap  at  -75°C  is  interesting  in  that 
for  samples  of  high  methacrylate  content  three  peaks  occur, 
Figure  25,  the  middle  one  of  which  does  not  correspond  to  any 
of  the  other  peaks  noted  in  table  16.  Its  presence  may  be 
explained  in  terms  of  a  nucleation  effect,  which  occurs  when 
a  considerable  quantity  of  a  material  which  is  only  partially 
condensed  at  that  temperature  enters  the  trap  rather  than  by 
any  explanation  involving  the  mechanism  of  polymer  breakdown. 
Thus  the  first  surge  of  material  passes  through  the  trap. 

Later,  nucleation  takes  place  in  the  trap,  and  thereafter 
condensation  is  more  efficient  so  less  material  reaches  the 
Pirani  gauge. 

The  results  for  the  high  and  low  molecular  weight  50  mole 
percent  copolymers,  Figs.  27  and  28,  are  identical  showing 
that  in  the  molecular  weight  range  100,000  to  1,330,000  chain 
length  has  no  effect  on  degradative  behaviour  at  least  as  far 
as  the  production  of  volatile  materials  is  concerned. 

From  these  investigations  it  would  appear  that  the  tem¬ 
perature  range  270-340°C  should  be  suitable  for  studying  the 
degradation  reaction  isothermally.  The  principal  results 
may  be  listed  as  follows.  'With  increasing  acrylate  content: 

1.  The  lowest  temperature  peak,  ascribed  to  chain  end 
initiated  breakdown,  becomes  smaller  although  its  position 
remains  unchanged. 

2.  The  ma,in  peak  moves  to  higher  temperatures  showing  that 
the  main  polymer  chain  is  becoming  more  stable  to  breakdown. 


3.  Production  of  chain  fragments  which  condense  immed¬ 
iately  above  the  reaction  zone  increases  with  acrylate  content, 
and  they  become  deeper  in  colour  (pale  yellow  to  brown). 

4.  The  residue  becomes  more  abundant  and  darker  in  colour 
as  in  3. 

Interpretation  of  T.V.A.  Data 

Discussion  of  Results  1  and  2: 

i  The  decrease  in  importance  of  degradation  initiated  at 
unsaturated  methyl  methacrylate  chain  ends  may  be  ascribed  to 
a  combination  of  effects.  As  the  acrylate  content  of  the 
copolymers  increase  - 

1  i)  The  relative  amount  of  methacrylate  available  to  form 
susceptible  chain  ends  decreases. 

This  is  the  most  straightforward  explanation  of  the 
lessening  importance  of  peak  (A)  but  cannot  itself  explain 
the  fact  that  when  only  16*3  mole  percent  of  n-butyl  acrylate 
is  j)resent,  this  first  peak  is  reduced  to  a  point  of  inflection. 

ii)  A  new  cross  termination  step  in  the  polymerization 
reaction  results  in  methacrylate  radicals  taking  part  in 
combination,  rather  than  disproportionation,  termination 
reactions . 

The  unsaturated  methacrylate  chain  ends  are  produced  in 
disproportionation  termination  reactions.  Chaudhuri  et  al  (39) 
found  that  in  a  methyl  methacrylate  -  methyl  acrylate  copolymer 
containing  45*9  mole  percent  me thacry late  crossed  termination 
was  predominant,  and  that  67 <f0  of  the  termination  steps  in  which 
a  methacrylate  radical  took  part  occurred  by  combination,  thus 
drastically  reducing  the  number  of  unsaturated  chain  ends. 

It  seems  reasonable  to  suppose  that  a  similar  mechanism  could 
operate  in  the  n-butyl  acrylate  -  methyl  methacrylate  system. 

iii)  The  zip  length  of  depolymerization  decreases  because 
of  the  "blocking"  effect  of  acrylate  units. 

This  effect  of  acrylate  content  on  zip  length  is  demon¬ 
strated  by  molecular  weight  measurements  reported  in  a  later 
section,  and  has  been  observed  in  chapters  3  and  4. 

In  randomly  initiated  degradation  the  ease  with  which 
the  initial  break  occurs  depends  upon  acrylate  content,  since 


acrylate-acrylate  bonds  are  more  difficult  to  rupture  than 
methacrylate-methacrylate  bonds ,  but  in  chain'end  initiated 
degradation  the  initial  process  is  independent  of  acrylate  con¬ 
tent.  Thus  the.  temperature  shift  shown  to  occur  for  peak  (B) 
in  table  16  is  a  consequence  of  randomly  initiated  breakdown. 

Discussion  of  Results  3  and  4: 


The  chain  fragments  may  be  explained  by  the  increasing 
importance  of  transfer  reactions  over  depolymerization  with 
increasing  ac^late  content  because  of  the  reactivity  of  the 
acrylate  radical  and  the  availability  of  tertiary  hydrogen 
atoms.  Colouration  is  due  to  conjugated  sequences  of  double 
bonds  formed  in  the  polymer  backbone.  This  reaction  is 
further  investigated  in  a  later  chapter. 

1  • 

THERi  lOGRAVIMETRI  C  ANALYSIS 

T.G.A.  experiments  were  carried  out  in  an  atmosphere  of 
nitrogen,  since  the  Du  Pont  950  The rmogravirne trie  Analyzer 
cannot  be  used  under  conditions  of  high  vacuum.  The  rate  of 
gas  flow  was  70  cc./min.  and  the  sample  size  was  about  10  mg.. 
Programmed  work  was  carried  out  using  a  heating  rate  of  5°C/min., 
the  sample  being  heated  from  ambient  to  500°C.  Typical  traces 
obtained  for  the  degradation  of  a  number  of  copolymers  are  shown 
in  Fig.  31.  As  the  acrylate  content  of  the  copolymer  examined 
increases,  the  T.G.A.  trace  moves  to  higher  temperatures,  showing 
that  the  copolymer  is  becoming  more  stable  to  weight  loss.  At 
high  methacrylate  content  a  two  stage  decomposition  takes  place, 
the  higher  temperature  process  accounting  for  the  bulk  of  the 
weight'  loss.  These  observations  are  in  agreement  with  the 
data  obtained  from  T.V.A.,  although  because  of  the  different 
conditions  used,  these  techniques  are  not  strictly  comparable. 

Determination  of  Kinetic  Parameters  from  T.G.A. 

While  it  is  difficult  to  determine  reaction  kinetics  by 
the  use  of  T.V.A.  many  methods  of  obtaining  kinetic  parameters 
from  T.G.A.  measurements  have  been  advocated  (40,41).  It  was 
considered  possible  that  activation  energies  found  in  this  way 
could  make  some  contribution  towards  an  understanding  of  the 
thermal  breakdown  of  the  copolymer  system  under  investigation. 

Dyna,mic  T.G.A.  has  the  advantage  in  theory  that  a  single 
programmed  weight  loss  curve  can  yield  the  same  information  as 
a  whole  set  of  isothermal  traces,  but  many  methods  of  calculating 
kinetic  data  from  such  programmed  runs  require  the  original 


Figure  31.  Programmed  (5  C/min. )  T.G.A.  traces  of  a  series  of  copolymers 
The  figures  in  brackets  give  copolymer  composition  as  mole 

percent  n-butyl  acrylate. 
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trace  to  be  differentiated,  a  process  which  can  greatly  increase 
experimental  scatter,  or  require  the  assumption  that  a  single 
set  of  parameters  applies  over  the  whole  reaction.  This 
assumption  is  not  always  justified  since  the  nature  of  the 
material  being  degraded  can  change  drastically  in  character 
with  increasing  conversion.  Isothermal  methods  avoid  such 
complications  but  in  these  the  sample  can  undergo  considerable 
reaction  while  being  heated  to  the  temperature  of  interest. 

In  view  of  these  considerations  it  was  decided  to  carry  out 
both  dynamic  and  isothermal  T.G.A.  measurements. 

Dynamic  T. G. A. 

In  the  literature  many  mathematical  treatments  of  polymer 
degradation  processes  have  been  developed.  Such  treatments 
(42,43)  show  that  if  initiation  occurs  solely  at  chain  ends  or 
solely  at  random  along  the  chain,  then,  in  the  limits  of  long 
and  short  depolymerization  zip  lengths,  the  overall  degradation 
process  can  be  described  by  an  "order"  type  of  equation,  as  in 
table  17. 


TABLE  17 

Type  of  Initiation 

Zip  Length 

|  "Order"  of  Reaction 

End  Initiation 

Long 

One 

Short 

Zero 

Random  Initiation 

Long 

One 

Short 

Zero 

The  particular  method  used  to  determine  activation  energies 
was  that  of  Coats  and  Redfern  (44).  A  typical  plot  of 
log  [2*3031ogP/T2]  versus  l/T,  where  F  is  the  fractional 
weight  of  material  remaining  and  T  is  the  absolute  temperature, 
is  shown  in  Fig.  32.  From  the  gradients  of  such  plots  the 
activation  energies  listed  in  table  18  were  calculated. 

TABLE  18 


Copolymer  Composition  (  Activation  Energy  of  Random 
(mole  fo  n-butyl  acrylate)  Initiation  (kcal./mole) 


o  ! 

39 

0*4  i 

41 

3*9 

;  ; 

48 

16*3 

50 

52*4 

3 

? 

51 
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As  the  acrylate  content  of  the  copolymers  increases,  the 
end  initiated  reaction  is  suppressed,  so  that  it  becomes 
extremely  difficult  to  separate  the  first  decomposition  from 
the  randomly  initiated  one.  In  view  of  this,  no  activation 
energies  are  quoted  here  for  this  end  initiated  process. 

The  use  of  a  firsu  order  plot  is  probably  less  valid  for  the 
52*4  mole  percent  n-butyl  acrylate  copolymer  than  for  any  of 
the  others  in  table  18  because  at  this  acrylate  content  the 
zip  length  is  possibly  too  short  for  the  degradation  to  follow 
first  order  kinetics  closely.  At  still  higher  acrylate  con¬ 
tent  the  degradation  cannot  be  approximated  to  any  "order" 
type  of  process.  Few  published  methods  of  obtaining  kinetic 
parameters  from  programmed  T.G.A.  data  can  deal  with  random 
kinetics  and  those  that  can  involve  experimental  measurements 
outwith  the  scope  of  the  instrumentation  available  (45). 

Isothermal  T.G.A. 

If  the  rate  of  decomposition  of  a  sample  can  be  found 
for  the  same  extent  of  conversion  at  a  number  of  temperatures, 
then  an  activation  energy  may  be  calculated.  This  value  is 
not  an  average  one,  but  refers  to  the  particular  extent  of 
degradation  at  which  it  was  calculated.  It  is  convenient  to 
use  zero  conversion  as  the  point  at  which  to  determine  activation 
energy,  since  this  condition  of  the  sample  is  the  most  re¬ 
producible.  It  is  not  possible,  because  of  the  time  required 
for  the  thermobalance  to  attain  equilibrium,  to  find  the 
initial  rate  of  decomposition  directly,  the  technique  used  here 
being  to  extrapolate  the  rate  of  weight  loss  versus  time  curve 
back  to  zero  time.  The  first  3?o  of  degradation  occurred 
during  heat  up  and  was  neglected,  the  extrapolation  being 
carried  out  on  data  obtained  for  up  to  20fi  conversion.  Initial 
rate  methods  are  not  strictly  applicable  where  the  material  de¬ 
composes  by  random  scission,  since  this  type  of  breakdown  leads 
to  an  initial  rate  of  zero  with  respect  to  weight  loss.  In 
considering  the  copolymers  in  order  of  increasing  acrylate  con¬ 
tent,  as  poly (n-butyl  acrylate)  degrades  randomly  there  must 
be  a  point  at  which  initial  rate  techniques  become  invalid. 

This  point  may  be  found  simply,  since  "random"  processes  can 
be  distinguished  from  "order"  processes  by  the  fact  that  the 
maximum  rate  of  decomposition  does  not  occur  at  zero  conversion 
for  random  breakdown.  Hence  for  random  kinetics  the  T.G.A. 
trace  i.e.  weight  loss  versus  time,  will  exhibit  a  point  of 
inflection.  For  copolymers  containing  up  to  52*4  mole  percent 
n-butyl  acrylate,  no  such  inflection  points  were  found.  Figs. 
33-37  show  the  log(initial  rate)  versus  l/T  plots  obtained-. 

The  activation  energies  calculated  from  the  gradients  of  these 
plots  are  given  in  table  19. 
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Figure  34.  Activation  energy  plot  from  initial  rate  < 

percent  n-butyl  acrylate  copolymer 


mole  percent  n-butyl  acrylate  copolymer 


TABLE  19.  Activation  Energy  Prom  Initial  Rate  Measurements 


Copolymer  Composition 

Activation  Energy. 

(mole  °/o  n-butyl  acrylate) 

(kcal./mole) 

0 

30 

0*4 

32 

3*9 

34 

16*3 

39 

52*4 

46 

In  the  literature  there  are  many  examples  of  initial 
rate  measurements  being  made  on  randomly  degrading  polymers 
(46).  This  type  of  measurement  not  only  involves  a  very 
inaccurate  plot,  but  attempts  to  fit  the  degradation  to  an 
erroneous  set  of  parameters,  and  should  be  avoided. 


DISCUSSION  OP  RESULTS 


For  copolymers  of  high  methyl  methacrylate  content,  the 
activation  energies  quoted  in  table  19  are  considerably  lower 
than  those  listed  in  table  18  for  the  randomly  initiated 
reaction.  This  may  be  explained  by  noting  that  the  values 
found  by  the  initial  rate  method  will,  in  this  copolymer  com¬ 
position  region,  refer  to  the  end  initiated  degradation.  In 
the  literature  many  determinations  of  the  energy  of  activation 
for  poly(methyl  methacrylate)  decomposition  have  been  reported 
(47-51).  Typical  values  obtained  for  the  chain  end  initiated 
reactions  are  31  and  49  kcal./mole  respectively. 


The  activation  energy  for  poly(methyl  methacrylate) 
degradation  is  a  composite  quantity  involving  contributions 
from  the  energies  involved  in  the  elementary  steps  of 
initiation,  depropagation  and  termination  (52,53).  If  co¬ 
polymers  of  very  low  acrylate  content  are  considered,  it  is 
likely  that  the  initial  step  in  their  breakdown  will  be  the 
same  as  that  in  pure  poly(methyl  methacrylate)  and  that  the 
energy  involved  in  the  termination  step,  being  diffusion  con¬ 
trolled  because  of  the  high  viscosity  of  the  degrading  polymer, 
will  not  change  markedly.  This  would  imply  that  the  increase 


in  activation  energy  found  at  this  range  of  copolymer  composition 
with  increasing  n-butyl  acrylate  content  is  due  to  an  increase 


in  the  activation  energy  of  depropagation,  E^. 
Ep  -  aH^,  where  E^  is  the  energy  of  propagation 


Since  E^  = 
in  polymerization 


and  -AHp  the  heat  of  polymerization,  and  the  valtie  of  Ep  is 
about  5  kcal./mole  for  a  large  variety  of  polymers  (53)f  any 
increase  in  E^  with  increasing  acrylate  content  would  be 
reflected  by  an  increase  in  -A Hp .  In  the  limiting  case  this 
means  that  -AHp  for  n~butyl  acrylate  must  be  greater  than  that 
for  methyl  methacrylate.  The  experimental  values  of  this 
quantity  for  n-butyl  acrylate  and  methyl  methacrylate  were 
found  to  be  18*6  and  13*3  kcal./mole  respectively,  lending 
support  to  the  above  theory  (54). 

At  higher  acrylate  content,  new  initiation  steps  involving 
n-butyl  acrylate  units  become  likely,  as  we,ll  as  the  possibility 
of  transfer  reactions  and  the  modification  of  the  termination 
step.  It  is  the  interplay  of  all  these  contributions  which 
determines  the  overall  activation  energy  as  found  by  methods 
such  as  T.G.A.. 
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CHAPTER  8 


THERMAL  DEGRADATION  OF  COPOLYMERS  OF  METHYL 
METHACRYLATE  AND  n- BUTYL  ACRYLATE.' 

C.  IDENTIFICATION  OF  THE 
PRODUCTS  OF  REACTION 


INTRODUCTION 

Before  any  quantitative  measurements  can  be  undertaken, 
a  knowledge  of  the  nature  of  the  degradation  products  is 
necessary  so  that  techniques  may  be  devised  to  estimate  these 
materials.  Preliminary  degradations  were  carried  out  for. 
times  up  to  twenty  four  hours  at  313°C  using  the  sealed  tube 
technique,  samples  of  the  product  gases  and  liquid  volatiles 
being  obtained  as  described  in  chapter  6.  Where  possible, 
more  than  one  technique  was  used  to  establish  the  structure 
of  these  compounds. 


ANALYSIS  OF  PRODUCT  GASES 
Gas  Chromatography 


Experiments  were  carried  out  on  these  gases  as  described 
in  chapter  6,  The  resulting  traces,  using  the  columns  listed 
in  table  15  under  the  conditions  specified,  are  shown  in  Figs, 
38-40.  The  retention  time  for  each  pea];:  was  obtained,  and 
standard  samples  of  the  pure  gases  were  introduced  into  the 
column  under  the  same  conditions.  Tables  20-22  list  the  gases 
with  the  same  retention  times  as  those  shown  in  Figs,  38-40, 

Mass  Spectrometry 

Mass  spec trome trie  data  on  the  product  gases  were  obtained 
as  in  chapter  6  using  an  electron  beam  energy  of  20ev.  Fig. 

41  compares  the  cracking  patterns  obtained  from  a  standard 
sample  of  but-l-ene  (Mathieson  Inc.)  and  from  the  gases 
evolved  when  a  16*3  mole  percent  n-butyl  acrylate  copolymer 
was  degraded.  Table  23  lists  the  fragment  masses  in  order  of 
abundance  and  gives  the  possible  structures  corresponding  to  each 


er  nitrate 


erature  g.l.c.  of  a  16.3  mole  percent  n-butyl 
copolymer  degraded  at  33-3  C  for  16  hours. 
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Peak  no .  in 
Fig. 4.1 


Retention  Time  Temperature 
(minutes)  (°C) 


Methane 

Ethane 

Ethylene 

Propane 

Propylene 

Butane 

Butene 


2.5 

6.5 

10.5 

12.5 

19.0 

19.5 
24.0 


4o 

58 

78 

88 

120 

123 

145 


Peak  no.  in 

Gas 

Retention  Time 

Fig. 4. 2 

(minutes ) 

1 

Trans  But-2-ene 

9.0 

2 

But-l-ene 

11.5 

3 

Cis  But-2-ene 

13.5 

Peak  no .  in 

Fig. 4. 3 

Gas 

Retention  Time 

(minutes ) 

1 

2 

3 

Hydrogen 

Carbon  Monoxide 

Methane 

8.0 

11.5 

12.5 

butyl  acrylate 
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TABLE  23 


Mass  in  Order  of 
Abundance 

Structure 

41 

CH2=^-CII3 

56 

[  CH3-CH2-CH=CII2  ]t 

44 

+  • 

1 — 1 

0 

II 

0 

II 

0 

55 

CII3-CH-CH=CH2 

28 

cii2-ch 

A  significant  difference  between  Figs,  41a  and  41b  is  that 
the  peak  in  41b  at  mass  44,  attributed  to  CO2,  is  absent  from 
Fig.  41a.  This  shows  that  the  product  gases  contain  carbon 
dioxide  in  addition  to  the  gases  already  listed  in  tables 
20-22.  There  are  not  sufficient  differences  in  the  mass 
spectra  of  the  isomeric  butenes  to  allow  them  to  be  readily 
distinguished,  since  double  bonds  appear  to  be  able  to 
migrate  easily  in  the  molecular  ion.  It  may  also  be  noted 
that  in  Fig.  41  there  is  a  doublet  at  mass  28  and  that,  com¬ 
paring  the  spectra  of  but-l-ene  and  the  evolved  gases,  the 
peak  of  lower  mass  has  increased  in  size  in  the  latter 
relative  to  the  peak  of  higher  mass.  Mass  28  may  be  ascribed 
to  carbon  monoxide,  nitrogen,  or  ethylene,  in  order  of  in¬ 
creasing  mass.  This  makes  it  likely  that  the  enhancement  of 
the  lower  mass  28  peak  is  due  to  carbon  monoxide. 

Infra-red 


A  typic 
products  fro 
obtained  as 
ments  of  the 
These  are  co 
RCH=CH2  whic 
The  presence 
at  2350  cm.' 
sorption  at 


al  infra-red  spectrum  for  the  gaseous  degradation 
m  a  93*4  mole  percent  n-butyl  acrylate  copolymer, 
in  chapter  6,  is  shown  in  Fig.  42.  The  assign- 
various  absorptions  are  listed  in  table  24. 
nsistent  with  the  presence  of  a  vinyl  double  bond 
h  is  found  in  only  one  of  the  butenes,  but-l-ene. 
of  carbon  dioxide  is  confirmed  by  the  absorptions 
and  677  cm.*”!,  while  the  characteristic  ab- 
2140  cm.”-*-  can  be  attributed  to  carbon  monoxide. 


Assignments  of  the  Infra-red  Absorptions  Shown  in 


strong  m  =  medium  w  =  weak  vw  =  very  weak 


/o  ABUNDANCE 
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Figure  46.  Mass  spectrum  of  component  2  in  Fig.  44  (methyl  methacrylate) 
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Figure  49.  Mass  spectrum  of  component  5  in  Fig.  44  (n-butyl  methacrylate) 
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molecular  ion  due  to  the  abstraction  of  a  proton  from  a 
neutral  molecule.  Since  the  percentage  abundance  of  the 
molecular  ion  depends  upon  its  stability  to  further  decom¬ 
position,  aromatic  compounds  give  rise  to  very  abundant 
molecular  ion  peaks  because  of  the  presence  of  the  tc  electron 
system  (Fig.  47).  The  most  abundant  masses  in  each  spectrum 
are  listed  in  the  order  of  their  relative  abundance  in 
table  26, 


TABLE  26 


Suspected  Compound 

Mass 

n-butanol 

31,56,41,43,27. 

Methyl  Methacrylate 

41,69,39,100,15. 

Toluene  (solvent) 

91,92. 

n-Butyl  Acrylate 

55,56,27,73,41. 

n-Butyl  Methacrylate 

41,69,87,56,39. 

Assignment  of  these  major  fragments  is  most  conveniently 
done  by  looking  in  some  detail  at  one  compound,  and  seeing 
how  similar  mechanisms  might  be  extended  to  other  structures. 
The  first  compound  to  be  examined  was  n-butyl  methacrylate. 

Some  common  fragmentation  processes  are  (55), 

i.  Simple  fission  in  -which  a  neutral  fragment  is  lost 
by  the  breaking  of  one  bond. 

ii.  Rearrangement  processes  in  which  more  than  one  bond 
fission  occurs  accompanied  by  transfer  of  one  hydrogen  atom 
from  one  atom  to  another  within  the  decomposing  ion. 

iii.  Double  rearrangement  processes  in  which  two  hydrogen 
atoms  are  transferred  simultaneously  from  the  neutral  fragment 
being  lost  to  the  fragment  ion  being  formed. 

Considering  the  mass  spectrum  of  n-butyl  methacrylate, 
the  fragments  of  masses  41  and  69  may  be  accounted  for  by 
simple  fission.  Where  such  fission  occurs  a  neutral  radical 
is  eliminated  from  the  molecular  ion.  Firstly,  a  non-bonded 
electron  is  lost  from  the  ester  carbonyl  oxygen  atom  followed 
by  transfer  of  an  electron  to  the  positively  charged  site 
from  the  a  bond.  This  process  is  therefore  called  a  fission. 
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CH_=C-C-0-Bu 

2  it 


loss  of  non 

bonded 

electron 


CHo=C-C-0-Bu 
2  n\ 


CH0=C-C 
2  mi 


0-Bu 


(A  double  headed  arrow  is  used  here  to  mean  the  transfer  of 
two  electrons,  while  a  single  headed  arrow  means  the  transfer 
of  one  electron.  The  symbol  Bu  denotes  an  n-butyl  group). 

A  neutral  molecule  may  then  be  eliminated  from  the  frag¬ 
ment  ion  by  cleavage  of  a  single  bond,  the  mechanism  involving 
a  two  electron  shift. 


CHo=C-C=0| 


CH2=C+ 


icsol 


This  process  is  known  as  fragment  ion  fission. 

A  rearrangement  process  can  be  used  to  explain  the  frag¬ 
ment  of  mass  56.  The  most  generally  applicable  specific 
rearrangement  process  is  called  the  McLafferty  rearrangement. 
The  essentials  are  a  double  bond  which  has  a  y  hydrogen 
available  for  migration. 
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In  the  saturated  hydrocarbon  fission  processes  occur  as 
shown  below 

(R3C-CR3)t  - }  R3C+  +  CR3 

Such  fissions  can  occur  in  the  n-butyl  side  chain  of  the 
ester.  The  spectrum  will  show  a  series  of  peaks  at  odd  masses 
corresponding  to  the  above  fission,  appearing  at  masses  cor¬ 
responding  to  ^n^2n+l»  Random  processes  may  also  take  place 
whereby  a  molecule  of  hydrogen  is  lost  from  the  fragment  ion. 
Such  reactions  can  explain  the  peak  at  mass  39  so  far  not 
accounted  for  in  table  26  for  n-butyl  methacrylate. 

It  should  be  noted  that  several  mechanisms  may  be  invoked 
to  account  for  a  given  mass  number.  Hass  41  for  example  may 
be  ascribed  to  the  fragment  [CH2=C-CII^]+  from  the  fission  of 
the  fragment  ion  R-C=Cr  or  by  scission  of  the  n-butyl  side 
chain  followed  by  hydrogen  elimination  from  the  fragment 

ch3-ch2-ch2. 

The  reaction  schemes  detailed  above  may  be  used  to 
explain  the  presence  of  all  of  the  fragments  listed  for  the 
esters  in  table  26.  Only  two  spectra,  those  of  n-butanol 
and  toluene,  require  further  investigation. 

Fission  of  the  bond  a  to  the  hydroxyl  group  of  n-butanol 
leads  to  a  fragment  of  mass  31. 

CH3-cn2-CH2-iSr^oH  — >  ch3-cii2-ch2  +  ch2-oh 

31 

Random  rearrangement  of  the  molecular  ion  leads  to  loss 
of  water  giving  a  peak  at  M-18  =  56 


The  solvent,  toluene,  gives  two  major  peaks.  92  is 
the  mass  of  the  parent  ion,  while  (3  fission  yields  a  peak  at 
mass  91. 
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Tropylium  Ion,  mass  91. 

The  driving  force  is  the  high  stability  of  the  resulting 
aromatic  ion.  A  summary  of  the  mechanisms  discussed  above 
applied  to  all  the  mass  spectra  considered  is  given  in  table 
27,  while,  for  each  compound,  a  list  of  possible  structures 
corresponding  to  the  masses  noted  in  table  26  is  shown  in 
table  28. 

It  has  been  shown  that  the  degradation  products  suggested 
on  the  basis  of  retention  times  can  be  used  to  give  a  reason¬ 
able  account  of  the  main  features  of  the  observed  mass  spectra. 
Pure  samples  of  each  of  the  compounds  listed  in  table  25  were 
injected  separately  into  the  L.K.B.  mass  spectrometer.  The 
mass  spectra  obtained  were  identical  to  those  shown  in 
Figs.  45-49. 

TABLE  27 


Fragmentation  Process 

Component 

I 

Simple 

Fission 

Rearrangement 

Double 

Rearrangement 

n-Butanol 

74 

43,41,31, 

27 

56 

— 

Methyl 

Methacrylate 

100 

69,41,39, 

15 

- 

- 

. 

Toluene 

92 

91 

- 

- 

n-Butyl 

Acrylate 

128 

55,41,27 

56 

73 

n-Butyl 

Methacrylate 

142 

69,41,39 

56 

87 
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n-Butyl  Acrylate 


TABLE  28 


Mas  s 

Structure 

55 

CH2=CH-CsO+ 

56 

lCH3-CH2-CH=CH2]* 

27 

ch2=ch+ 

+ 

73 

- 

CHor=CH-C=0H 

2  1 

OH 

4- 

41 

ch2=c~cii 

n-Butyl  Methacrylate 


Mas  s 

1 

Structure 

41 

ch2=S-ch3 

CH»=C-ChO+ 

69 

2  l 

CH3 

+ 

CH0=C - C=OH 

87 

2  1  l 

CII  OH 

3  + 

56 

[  CH^-CHp-CII-CHp  ]  • 

-  i 

+ 

39 

CII2=C=CII 

Methyl  Methacrylate 


Mass  I  Structure 


CH2=C-CII3 


CH2=C-ChO+ 

+ 

CH2=C=CH 
CHa  0 

I  3 II 

cm=c — c-och. 


Mass 


Toluene 


Structure 


©  /  Tropyl  ium  Ion 


Mass 


n-Butanol 


Structure 


31  CH2=0H 


(«-2)rf2  • 


41  CH2=C-CH3 

43  CH3-CH-CH3 

27  CH2=CH 
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CHAPTER  9 


THERMAL  DEGRADATION  OP  COPOLYMERS  OP  METHYL 
METHACRYLATE  AND  n-BUTYL  ACRYLATE. 

D.  QUANTITATIVE  ANALYSIS  OP 
LIQUID  AND  GASEOUS  PRODUCTS. 


INTRODUCTION 

In  the  previous  chapter  the  identification  of  the 
degradation  products  was  described.  It  was  appropriate  to 
follow  this  up  by  quantitative  measurements. 

The  degradations  studied  were  all  carried  out  by  the 
sealed  tube  technique  (chapter  6)  at  two  temperatures,  313°C 
and  332°C,  so  that  the  effect  of  both  composition  and  tem¬ 
perature  of  degradation  on  the  pattern  of  breakdown  could  be 
observed.  A  detailed  analysis  of  the  gaseous  and  liquid 
decomposition  products  is  given,  the  investigation  of  the 
residue  and  chain  fragments  being  described  in  the  following 
chapter. 

ANALYSIS  OP  THE  GASEOUS  DEGRADATION  PRODUCTS 
Analytical  Techniques 

Gas  Chromatography 

The  trace  obtained  using  a  silica  gel  column  to  analyze 
the  gases  evolved  on  the  breakdown  of  a  50  mole  percent  n-butyl 
acrylate  copolymer  heated  for  eleven  hours  at  313°C  was  shown 
in  Pig.  38.  From  the  trace  it  would  appear  that  the  major 
product  is  butene,  provided  that  the  sensitivity  of  the 
detector  to  each  of  the  gases  examined  is  of  the  same  order 
of  magnitude.  A  determination  of  these  sensitivity  factors 
was  made  by  analyzing  mixtures  of  the  pure  gases  containing 
known  amounts  of  each  of  the  components.  The  sensitivity 
factor  for  a  particular  gas,  k,  relative  to  some  standard,  in 
this  case  but-l-ene,  was  defined  as  the  ratio  of  the  areas  of 
the  gas  and  but-l-ene  peaks  when  equal  pressures  of  gas  and 
but-l-ene  are  considered. 
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area  of  gas  peak 


area  of  but-l-ene  peak 


ak^  C 


pressure  of  but-l-ene 
pressure  of  gas 
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Sensitivity  factors  are  listed  in  table  29  and  used  in 
this  context  to  calculate  the  relative  pressures  of  the  various 
gases  present,  taking  the  pressure  of  butene  as  100.  Since 
propylene  and  n-butane  are  not  separated,  an  average  value  of 
the  appropriate  sensitivity  factors  was  used.  It  was  not 
necessary  to  carry  out  systematically  such  a  detailed  analysis 
on  the  other  copolymers,  as  it  is  sufficient  to  show  that  the 
but-l-ene  peak  is  by  far  the  largest,  so  that  its  exact 
relationship  to  the  other  gases  determined  by  this  method  is 
of  little  consequence.  The  value  quoted  in  table  29  for 
methane  is  of  necessity  lower  than  that  actually  present  in 
the  evolved  gases,  since  distillation  under  liquid  nitrogen 
was  involved  in  preparing  these  product  gases  for  g.l.c. 
analysis.  Remembering  that  to  examine  the  permanent  gases 
at  all,  large  sample  sizes  were  required,  it  may  be  concluded 
that  methane  is  a  minor  degradation  product  in  comparison  to 
butene. 


TABLE  29.  G.L.C.  Bata  for  a  50*0  Mole  Percent  n-Butyl  Acrylate 
Copolymer  Degraded  at  313°C  for  11  Hours. 


t 

Sensitivity 
Factor,  k, 

Pressure 

Area 

of  Gas  Peak 

Relative  to 

Relative 

Gas 

Area 

of  Butene  Peak 

i 

But-l-ene 

f 

to  Butene 

Methane 

0*23 

0*60 

0*38 

Ethane 

0*03 

0*96 

0*03 

Ethylene 

0*05 

0*70 

0*07 

Propane 

0*04 

1*54 

0*03 

Propylene 

n-Butane 

1*12 

0  *  92 )  x • 39 
1*80)  1 

1*01 

Butene 

100*00 

1*00 

100*00 

The  isomeric  butenes  were,  separated  using  a  benzyl  cyanide 
-  silver  nitrate  column,  (table  15)  and  the  trace  obtained 
for  the  degradation  products  from  a  16*3  mole  percent  n-butyl 
acrylate  copolymer  at  313°C  was  shown  in  Pig.  39.  It  is  to 
be  expected  that  the  sensitivities  of  the  detector  to  the 
butenes  would  be  about  the  same,  and  this  was  confirmed  by 
once  again  making  up  standard  mixtures  of  pure  gases.  The 
results  are  quoted  in  table  30  which  also  lists  the  relative 
pressures  of  gases  found  from  the  trace  of  Fig.  39,  assuming 
the  pressure  of  but-l-ene  to  be  100.  Once  more  no  detailed 
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experiments  were  carried  out  routinely  on  the  other  copolymers, 
it  being  sufficient  to  show  that  but-l-ene  is  the  predominant 
isomer  present. 


TABLE  30.  G.L.C.  Bata  for  a  16*3  Mole  Percent  n-Butyl  Acrylate 
Copolymer  Degraded  at  313°C  for  16  hours. 


Gas 

Area  of  Gas  Peak 
Area  of  But-l-ene  Peak 

Sensitivity 
Factor,  k, 
Relative  to 
But-l-ene 

Pressure 
Relative  to 
But-l-ene 

Trans 

But-2-ene 

4*42 

0*91 

4*86 

But-l-ene 

100*00 

1*00 

100*00 

Cis 

But-2-ene  ' 

4*08 

1*01 

4*04 

Although  the  permanent  gases  make  only  a  very  small  con¬ 
tribution  to  the  measured  total  gas  pressure,  it  was  considered 
of  interest  to  examine  in  a  semi-quantitative  fashion  the 
relative  amounts  of  carbon  monoxide,  methane,  and  hydrogen 
present.  The  column  employed  was  silica  gel  used  as  specified 
in  table  15.  Taking  the  height  of  the  peak  due  to  carbon 
monoxide  as  unity,  the  results  are  shown  in  table  31.  This 
table  also  lists  the  relative  height  of  the  peaks  shown  in 
Pig.  22,  obtained  from  the  degradation  of  1*5  g.  of  a  52*4 
mole  percent  n-butyl  acrylate  copolymer  degraded  at  313°C  for 
twenty-four  hours,  and  gives  the  pressure  of  each  gas  relative 
to  carbon  monoxide  as  100.  No  further  investigation  of  the 
permanent  gases  was  undertaken. 


TABLE  31.  Data  for  a  52*4  Mole  Percent  n-Butyl  Acrylate 
Copolymer  Degraded  at  313°C  for  24  hours. 


Gas 

Height  of  Gas  Peak 
Height  of  CO  Peak 

Peak  Height  for 
One  Atmosphere 
of  Gas  Relative 
to  CO 

Pressure 
Relative 
to  CO 

Hydrogen 

200 

10*6 

18*9 

Carbon 

Monoxide 

i 

100 

1*0 

100*0 

Methane 

80 

1*3 

61*6 

118  ■- 


Infra-Red  Spectroscopy 

Plots  of  optical  density  versus  pressure  were  made  for 
pure  samples  of  but-l-ene  and  carbon  dioxide  and  these  are 
shown  in  Fig.  50.  The  use  of  these  plots  establishes  that 
these  gases  constitute  the  major  part  of  the  gaseous  degradation 
products,  since  such  analyses  show  that  the  total  pressure  of 
evolved  gases  may  be  accounted  for  by  carbon  dioxide  and  butene 
alone.  This  greatly  simplifies  the  quantitative  analysis  of 
the  gaseous  breakdown  products  since,  routinely,  infra-red 
measurements  are  all  that  are  required. 

Treatment  of  Results 


The  method  of  examining  the  gases  mentioned  in  chapter  6 
involves  a  pressure  measurement  of  total  gas  on  the  constant- 
volume  manometer,  P-total*  The  pressures  attributed  to  carbon 
dioxide  and  but-l-ene  read  from  the  calibration  curves  of  Fig. 
50,  were  found  generally  to  come  to  about  5-15/£  more  than  the 
total  gas  pressure  as  found  using  the  manometer.  This  same 
effect  has  been  reported  in  connection  with  measurements  of 
the  gaseous  products  of  decomposition  of  polyacrylates  (2). 
Thus  infra-red  data  were  used  to  find  the  ratio  of  the  pres¬ 
sures  of  carbon  dioxide ,  (Pco2) »  F°  hut-l-ene,  (Pbut-l~ene) * 
Corrected  pressures,  CF^q  and  CP^u^-i-ene ’  were  found  for 
each  of  these  gases  such  that, 


CP 


C02 


CP 


but-l-ene 


^but-l-ene 


Lll] 


and  P,  ,  ,  =  CPpn„  +  CP,  ,  ,  r,0-i 

total  ou2  but-l-ene  . .  L 12  J 

A  typical  calculation  for  a  16*3  mole  percent  n-butyl 
acrylate  copolymer  degraded  at  313°C  involves  plotting  total 
gas  pressure,  l3total»  againsi  time  of  degradation,  then  reading 
off  values,  P-fcotal’  frorn  ihis  curve  at  suitable  intervals,  in 
this  case  two  hour  periods.  Graphs  of  PCO2  an^  ^but-l-ene 
are  then  plotted  from  the  infra-red  data,  and  values, 

PCo2  aU(l  ^but-1  ne’  rea<l  °ff  from  these  curves  every  two 
hours.  From  tRele  measurements,  values  of  CPqq2  an^ 
®but-l-ene  arG  calculaf0<l  throughout  the  degradation  from 
equations  [ll]  and  [12].  These  plots  are  shown  in  Fig.  51 
and  the  data  presented  in  table  32.  A  similar  treatment  was 
used  for  all  the  other  copolymers  examined.  Plots  of  total 
gas  pressure,  carbon  dioxide  pressure  and  but-l-ene  pressure 
are  given  in  Figs,  52-57,  and  the  data  shown  in  tables  33-38. 


Table  32. 

16,3  Mole  °/o  n-Btityl  Acrylate  Copolymer  Degraded  at 


Figure  52.  Gas  pressure  plot  for  a  3«9  mole  percent  n-butyl  acrylate  copolymer 

degraded  at  313°G. 
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Figure  55.  Gas  pressure  plots  for  a  93.^  mole  percent  n-butyl  acrylate 

copolymer  degraded  at  3i3°G. 
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Figure  56.  Gas  pressure  plots  for  a  30,0  mole  percent 

n-butyl  acrylate  copolymer  degraded  at  332°C. 


Pressure  (mm.  Hg) 
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Time  of  Degradation  (hours) 


Figure  57.  Gas  pressure  plots  for  a  93*^-  mole  percent 

n-butyl  acrylate  copolymer  degraded  at  332°C. 


Table  33. 

Evolution  Data  for  a  3.9  Mole  °/o  n- Butyl  Acrylate  Copolymer  Degraded  at 
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Measurable  amounts  of  gases  were  not  evolved  from  the 
0*4  mole  percent  n-butyl  acrylate  copolymer  examined,  while 
only  carbon  dioxide  was  detected  from  the  decomposition  of  a 
3*9  mole  percent  n-butyl  acrylate  copolymer  at  313°C.  In 
the  latter  case  P-total  ~  ^C02  so  infra-red  measurements 

were  not  required. 

In  order  that  a  comparison  of  the  amount  of  gases  evolved 
from  the  copolymers  examined  can  be  made,  plots  of  the  number 
of  millimoles  of  gas  per  gram  of  initial  polymer  are  shown  in 
Pigs.  58-62  and  the  data  listed  in  tables  32-38. 

In  order  to  obtain  a  rna.ss  balance,  the  percentage  by 
weight  of  the  gaseous  products  was  calculated.  These  values 
are  given  in  tables  32-38. 

DISCUSSION  OF  RESULTS 

It  is  clear  from  Figs.  58-62  that,  as  expected,  the  amount 
of  both  carbon  dioxide  and  but-l-ene  per  gram  of  initial 
polymer  increases  with  increasing  acrylate  content  for  a  fixed 
temperature  of  degradation,  and  that  it  also  increases  with 
increasing  temperature  when  copolymers  of  a  given  composition 
are  considered. 

Another  trend  is  that  the  molar  ratio  of  carbon  dioxide 
to  but-l-ene  at  infinite  degradation  time,  table  39,  decreases 
both  with  increasing  acrylate  content  and  increasing  temperature. 

An  interesting  quantity  is  the  amount  of  but-l-ene  produced 
per  gram  of  n-butyl  acrylate  in  the  original  copolymer,  for  if 
but-l-ene  production  is  associated  with  single  acrylate  units, 
then  this  quantity  would  be  expected  to  stay  constant  over  the 
copolymer  composition  range  examined.  In  addition  but-l-ene 
production  would  be  expected  to  occur  even  when  acrylate  units 
are  present  as  isolated  entities.  The  fact  that  but-l-ene  is 
evolved  on  the  degradation  of  a  16*3  mole  percent  n-butyl 
acrylate  copolymer,  when  more  than  75?»  of  the  acrylate  units 
present  are  flanked  by  methacrylate  units,  indicates  that 
sequences  of  acrylate  units  are  not  required  for  the  production 
of  this  gas.  The  data  in  table  40,  however,  show  that  the 
amount  of  but-l-ene  obtained  from  any  given  n-butyl  acrylate 
unit  depends  to  some  extent  upon  the  acrylate  content  of  the 
copolymer.  This  ajjparent  anomaly  might  be  explained  by 
noting  that  a  first  step  in  the  ester  decomposition  reaction 
of  polyacrylates  to  olefin  and  acid  is  the  abstraction  of  the 
tertiary  hydrogen  atom  on  the  polymer  chain.  This  initiating 


S  Q2 


Time  of  Degradation  (hours) 

(a)  3*9  mole  °/o  n~butyl  acrylate  copolymer. 

(b) l6.3  mole  °/o  n-butyl  acrylate  copolynaer. 

Figure  58.  Gas  evolution  plots  for  copolymers  degraded 

at  313°C. 
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(a)  50*0  mole  °/o  n-butyl  acrylate  copolymer, 

(b)  82,2  mole  °/o  n-butyl  acrylate  copolymer. 

Figure  59.  Gas  evolution  plots  for  copolymers 

at  313°C, 
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Gas  evolution  plot  for  a  50*0  mole  °/o 
n-butyl  acrylate  copolymer  degraded  at  332°C 
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step  is  more  likely  to  occur  the  higher  the  concentration  of 
acrylate  units  since  the  acrylate  radical  is  more  reactive 
than  the  methacrylate  radical,  which  prefers  to  depolymerize 
rather  than  to  take  part  in  hydrogen  abstraction  reactions 
such  as  this. 


CALCULATION  OP  MASS  BALANCE  BATA 

The  percentage  by  weight  of  gas  evolved  on  degradation 
of  the  copolymers  has  already  been  calculated,  tables  32-38. 
Similar  data  for  the  liquid  products,  fL,  and  the  residue, 
f>R,  are  given  in  tables  41-47  and  plotted  in  Figs.  63-71  as 
percentage  of  initial  weight  of  copolymer  versus  time  of 
degradation.  Prom  both  the  liquid  product  and  residue  curves 
for  each  polymer  values  of  the  percentage  of  liquids,  fL' ,  and 
percentage  residue,  foil'  ,  were  read  off  at  suitable  intervals 
and  are  given  in  tables  41-47.  In  the  case  of  copolymers  of 
high  acrylate  content  curves  of  chain  fragments  as  a  percentage 
of  initial  weight,  f C,  are  plotted  in  Pigs.  67,  68  and  70, 

The  data  used  to  construct  these  curves  together  with  foC '  ,  the 
percentage  of  chain  fragments  with  respect  to  initial  polymer 
weight  read  off  at  suitable  intervals  from  the  three  figures 
just  mentioned,  are  given  in  tables  45-47,  The  weight  of 
residue  was  determined  by  weighing  the  section  of  the  sealed 
tube  in  which  it  was  contained,  cleaning  and  re-weighing,  a 
similar  procedure  being  adopted  for  measurement  of  chain  frag¬ 
ments  and  liquid  volatiles.  As  a  check  for  copolymers  of 
high  methacrylate  content  the  weight  of  residue  was  found  by 
dissolving  it  in  toluene,  the  resulting  solution  being  made 
up  in  a  standard  flask  and  the  concentration  of  a  known  volume 
determined.  This  method  could  not  be  used  on  all  of  the  co¬ 
polymers  examined  because  of  the  insolubility  of  some  of  the 
residues . 


ANALYSIS  OP  THE  LIQUIB  DEGRADATION  PRODUCTS 
Analytical  Techniques 

The  liquid  products  of  degradation  were  analysed  by  g.l.c. 
(see  Chapter  6).  Since  it  was  shown  in  the  last  chapter  that 
good  separation  of  methyl  methacrylate  and  n-butanol  was  not 
obtained  on  a  if  S.E.30  column,  it  was  decided  for  quantitative 
measurements  to  use  a  10^  dinonyl  phthalate  (D.N.P.)  column, 
(table  15).  A  typical  chromatogram  is  shown  in  Pig.  72  and 
table  48  gives  the  retention  times  of  the  peaks  of  interest. 


Table  41 


146 


«^5 


Degradation  of  a  16.3  Mole  /o  n-Butyl  Acrylate  Copolymer  at 


Tabl 


CO 

p 

© 


148  - 


o 

O 

CO 

H 

On 

CM 

© 

« 

• 

• 

cn 

CM 

CO 

cn 

VO 

ri 

o 

H 

p 

CO 

o 

CM 

H 

cn 

d 

« 

H 

• 

e 

• 

• 

H 

in 

CO 

p 

U 

H  P 

O 

VO 

cn 

o 

6 1) 

d  <o 

p  cn 

h 

£ 

•H  E 

rd  P* 

p  9* 

W  • 

VO 

P~ 

o 

On 

VO 

H 

•ri  rri 

•ri  O 

H 

• 

• 

. 

« 

O 

Pi  O 

0 

co 

co 

P- 

.  P 

P 

H  P 

ii 

m 

on 

o 

o 

tri 

O 

CM 

Pt 

VO 

m 

© 

p 

On 

VO 

On 

cn 

H 

« 

• 

• 

. 

-P 

cm 

P- 

cm 

• 

e 

-St' 

H 

A- 

cn 

d 

CM 

H 

P 

ON 

1A 

P 

o 

rri 

. 

• 

vo 

CM 

H 

u 

VO 

O 

p- 

H 

in 

CM 

p» 

m 

CM 

P 

o 

H 

m 

m 

. 

. 

H 

© 

« 

. 

• 

< 

CM 

H 

00 

VO 

o 

-sr 

P- 

CM 

• 

0 

m 

cn 

m 

— u 
— 1 

O 

H 

r~3, 

!*> 

in 

oo 

-5t 

P 

H 

1 

i> 

l 

© 

o  • 

o 

CM 

co 

o 

2 

H 

H 

H 

• 

• 

• 

• 

fP 

O 

-st 

VO 

CO 

vo 

H 

1 

-St 

O 

c 

1A 

C\ 

cm 

On 

p- 

H 

• 

rH 

C\ 

« 

* 

0 

H 

CM 

H 

o 

p 

CO 

o 

CM 

Cn 

\ 

H 

• 

©  . 

m 

p 

• 

• 

• 

• 

o 

o 

CM 

vo 

.  CO 

© 

CO 

iA 

1A 

P 

on 

-St 

lA 

C\ 

(1) 

o 

\o 

CM 

. 

. 

H 

CM 

00 

CM 

c 

• 

cn 

in 

VO 

o 

CO 

H 

Ox 

* 

• 

© 

© 

Cn 

in 

CO 

On 

p 

vo 

in 

p- 

iA 

p- 

o 

. 

-ct 

cn 

. 

© 

cn 

m 

On 

© 

VO 

H 

CM 

p 

m 

o 

• 

« 

cn 

m 

IT\ 

— 

—y. 

■— J 

p- 

o 

p~ 

*~ri* 

— JU 

o\ 

o 

. 

. 

. 

© 

d 

cm 

1 

« 

i 

p- 

in 

cn 

VO 

H 

o 

CM 

VO 

CN 

• 

on 

O 

— 

CM 

P 

P- 

On 

o 

CM 

O 

o 

-St 

Pi 

VO 

CM 

« 

. 

© 

• 

• 

• 

o 

O 

cn 

-Ci¬ 

MO 

C°> 

VO 

CM 

vo 

•H 

P 

o 

« 

rri 

P- 

H 

Cn 

(O' 

«s 

©» 

X) 

Pi 

d 

- N 

/ — - 

- - s 

d 

o 

•» 

• 

• 

0 

VO 

vo 

VO 

CO 

fn 

•ri 

K 

© 

P 

a 

•ri 

H 

P 

« 

p 

W 

P 

XJ 

d 

p 

. 

. 

m 

o 

0 

d 

•H 

X) 

O 

C 

d 

m 

IT', 

d 

fi 

'd 

d  . 

•rl 

\ 

\ 

Xi 

. 

. 

© 

t 

d 

cd 

(0 

0 

0 

d 

t>0 

H 

o 

o 

P 

•ri 

© 

9* 

.. 

P 

•r! 

■  -ri 

rQ 

u 

tiO 

P 

K 

(0 

© 

ECO 

P 

P 

d 

Pi 

p 

0 

X3 

d 

© 

- — ^ 

p 

p 

P 

•ri 

-o 

P 

N-- 

rri 

P 

O 

0 

d 

•ri 

d 

0 

<H 

o 

CO 

m 

Ml 

Cn 

0 

e 

P 

p 

•ri 

© 

O  • 

— 

— 

d 

0 

CD 

U 

£ 

p 

« 

CO 

P 

P 

O 

E-i 

d 

(!) 

p 

tio 

tlO 

©  p 

-p 

£ 

d 

•ri 

•ri 

0 

0 

S  d 

O 

0 

o 

o 

d 

•ri 

c 

o  « 

©  • 

\ 

\ 

•ri  O 

\ 

\ 

\ 

\ 

P 

1 

P  tlO 

£2  fcj 

o 

o 

£~<  P 

o 

o 

o 

o 

/o  Total  Products  96.4  96.4  97.9  98.9  101.0  102.4  103.5  104.6  104.3  103 


Table  44 


/o  Total  Products  92.8  93.1  93.9  |95. 2  95.8  96. 0  96,3  96.5  96.8  97.5  97.6 


350 


Table  46 


u  m 

©  vo 


o  o 

ii 

H 

a  p 


CM 

H 

VO 

A 

CM 

6 

CM 

o 

• 

CO 

-3- 

o 

© 

CM 

o 

co 

vo 

OA 

e 

VO 

Ov 

© 

A 

r-t 

A 

0 

ON 

cm 

A 

<M 

© 

A 

A 

O 

0 

CO 

CM 

o 

0 

O 

© 

A 

VC 

H 

© 

O 

H 

H 

• 

CO 

A 

H 

CM 

« 

A 

O 

o 

CM 

-3" 

O 

© 

CO 

© 

H 

vo 

A 

• 

O 

CM 

H 

• 

CM 

H 

A 

CA 

H 

o 

A 

CM 

H 

• 

CM 

A 

O 

e 

0\ 

• 

vo 

A 

• 

vo 

cn 

CM 

• 

CA 

o 

CM 

cn 

VO 

H 

© 

•J. 

•-4 

ON 

H 

• 

A 

O 

o 

e 

H 

© 

-3* 

H 

V 

VO 

A 

« 

H 

A 

vo 

o 

-3* 

CM 

A 

A 

i 

• 

• 

i 

• 

O 

CM 

CM 

A 

H 

• 

© 

CM 

A 

© 

CO 

u 

• 

• 

• 

© 

XI 

to 

►0 

4 

e«. 

*s 

0 

0 

• 

© 

CO 

© 

\ 

\ 

o 

'u 

0 

0 

0 

-d 

•H 

r0' 

a 

« 

e* 

IV 

\ 

bO 

p 

*H 

•ri 

bo 

03 

© 

0 

© 

o! 

CO 

a 

©> 

rt 

d 

#*. 

a 

*rl 

© 

X 

03 

•H 

rd 

£  co 

4 

Pi 

o 

P 

s 

•H 

•H  P 

CH 

£ 

oH 

to 

cJ  C! 

0 

Ch 

© 

•H 

© 

4  © 

0 

0 

0 

E 

41 

pi 

o  s 

© 

c.O 

bO 

B 

© 

© 

• 

d 

o 

o 

C  pj 

•rl 

p 

.p 

p 

Pi 

\ 

\ 

\  © 

c H 

r~* 

0 

c 

C  Pa 

vo 

VO 

CO 

• 

• 

0 

A 

H 

cn 

H 

H 

A 

m 

C0 

• 

• 

• 

CA 

H 

A 

H 

H 

A 

H 

A 

• 

c 

* 

rH 

H 

A 

H 

H 

H 

CM 

00 

cn 

» 

* 

© 

-a 

o 

cn 

H 

r-l 

H 

CM 

0\ 

C0 

• 

• 

• 

CO 

On 

CM 

H 

H 

CM 

H 

• 

© 

• 

cn 

CA 

CM 

CM 

H 

co 

CM 

CM 

• 

V 

• 

co 

co 

H 

CM 

r—{ 

_^r 

C\ 

vo 

« 

« 

V 

vo 

VO 

Ox 

G\  CA  CM  A 
H  A 


A  .© 

*  rH 

to  -  o 


co 

cJ 

o  o 


'/o  Total  Products  lo4»3  109.6  111.3  10Q.8  108.0  10 6  „  6  104.3  102,7  101 .7  100.5  99.3 


152 


t- 

CD 

rH 

R 

ce 

Eh 


, 

NO 

CO 

1*4 

r- 

CM 

O 

« 

© 

0 

C\ 

HO 

-R* 

rH 

* 

R- 

H 

rH 

CM 

0 

CM 

NO 

H 

CO 

NO 

0 

CM 

© 

-  • 

• 

• 

CM 

On 

NO 

CO 

r-l 

co 

H 

H 

CM 

co 

p 

O 

NO 

CO 

HO 

R- 

ttJ 

• 

CM 

• 

• 

0 

• 

Pc  tO 

On 

IN 

CO 

^1 

U 

CD  ON 

H 

H 

CM 

0 

E  IN 

E 

h  0 

CO 

R- 

O 

rH 

CM 

?■» 

H  • 

H 

• 

• 

© 

• 

H 

0  0 

On 

ON 

CO 

H 

O 

R 

R- 

H 

H 

CM 

P( 

II 

c 

rH 

0 

tS  P 

NO 

C\ 

H 

co 

•r!  R 

H 

• 

• 

• 

« 

0 

p  to 

CO 

H 

CM 

0 

p 

•H  -H 

R- 

CM 

H 

CM 

d 

0  0 

H 

Pi  Is 

•S 

CM 

CO 

CM 

H 

e 

« 

© 

• 

P 

co 

R- 

rH 

O 

0 

R- 

CM 

i-i 

CM 

<! 

H 

CJ 

NO 

H 

On 

HO 

rH 

-p 

**3“ 

ON 

CM 

CO 

CM 

HO 

IN 

00 

O 

On 

p 

CM 

CO 

H 

H 

• 

O 

0 

R- 

CM 

H 

H 

pq 

O 

O 

O 

0\ 

VD 

I 

rj 

• 

© 

© 

-rj" 

H 

H 

0 

co 

O 

O 

vo 

HO 

O 

R- 

On 

NO 

i> 

R- 

NO 

CO 

O 

CO 

0 

• 

r- 

H 

O 

• 

© 

• 

co 

H 

r-l 

\ 

CO 

0 

O 

O 

O 

in 

rt 

0 

H 

H 

rH 

co 

CM 

CO 

CO 

0 

10 

in 

CM 

On 

CO 

CO 

r- 

• 

©. 

© 

• 

H 

• 

CO 

CJ 

O 

« 

• 

• 

On 

CO 

N 

O 

CM 

0 

O 

O 

NO 

IN 

H 

Rv 

CO 

r-i 

H 

CM 

H 

NO 

O 

CM 

CM 

R- 

R' 

HO 

NO 

CO 

NO 

R- 

© 

© 

O 

« 

• 

0 

CO 

CM 

1 

• 

•  ■ 

1 

H 

NO 

N- 

HO 

CO 

O 

0 

O 

10 

HO 

rH 

On 

H 

© 

© 

CO 

d 

IN 

NO 

O 

!> 

NO 

O 

On 

R- 

CO 

CM 

CO 

IN 

CO 

CO 

O 

0 

c 

• 

© 

• 

• 

* 

0 

0 

O 

10 

00 

co 

HO 

HO 

CM 

0 

• 

0 

• 

R- 

CO 

CO 

HO 

H 

Pi 

CO 

NO 

IN 

CO 

On 

HO 

CO 

CM 

H 

NO 

CM 

H 

0 

CM 

R- 

0 

© 

• 

© 

* 

• 

• 

• 

•H 

0 

O 

0 

CM 

Os 

CO 

IN 

T" 

CO 

ON 

p 

e 

C 

• 

CO 

HO 

CM 

NO 

Cu 

,d 

• 

• 

✓ - s 

d 

CO 

CO 

O 

f-S 

Pi 

© 

© 

• 

• 

Pi 

/'"‘N 

/ - N 

H 

to 

R 

to 

to 

R 

Pi 

R 

H 

CM 

rH 

• 

0 

•> 

tv 

•v 

0 

0 

© 

*- 

CM 

CM 

CM 

HO 

0 

• 

CO. 

O 

\ 

\ 

0 

• 

• 

• 

© 

Pi 

R 

P 

0 

0 

0 

r*» 

HO 

HO 

HO 

© 

0 

n 

•H 

rd 

Pi  • 

*> 

©» 

\ 

rd 

• 

• 

• 

H 

R 

to 

p 

•H 

•rl  tO 

U) 

0 

0 

to 

to 

t) 

to 

R 

P 

0) 

P 

K>  «> 

■  x3 

pi 

*N 

0 

•ri 

•H 

Cj 

R 

•H 

O 

R  W 

•H 

xs 

Pi  m 

Q 

R 

r„ . 

R 

P 

R 

Pi 

O  P 

P 

•H 

•H.  P 

" _ / 

'w' 

0 

4-1 

Pi 

O 

m 

0  PS 

<h 

CO 

<H 

0 

(j-l 

4-1  CD 

■H 

0 

R  0 

O 

e~ 

- 

— 

Cv 

0 

0 

0  E 

R 

R 

O  E 

R 

R 

O 

O 

Cj 

O 

to 

■  to 

© 

p 

c 

c 

0  ccj 

0 

0 

0  cj 

R 

0 

0 

0 

0 

Co 

\H 

p 

-P 

P  Pi 

\ 

\ 

\  Pi 

\ 

\ 

\ 

\ 

R 

JH 

Is  R 

0 

c 

0  R 

C-l 

0 

0 

0 

0 

Total  Products  107.0  108.0  109.80.09.7  107.9  106.1  104.6  103.2  102.7  101.8  101.1  101 


Re  s idue 


o 

\ 

o 


XS  tfl 
•H  CD 
3  H 
&  *r) 
•H  -P 
tl  03 
H 

O  O 
\  > 
o 


Time  of  Degradation  (hours) 


Figure  63.  Residue  and  liquid  volatile  plots  for  a  3«9 
mole  percent  n-butyl  acrylate  copolymer 
degraded  at  313°C« 
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Figure  .65.  Residue  and  liquid  volatile  plots  for  a  50.0 

percent  n-butyl  acrylate  copolymer 
degraded  at  313° Ce 
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Figure  69.  Residue  plot  for  a  50 .0  mole  percent  n^butyl 
acrylate  copolymer  degraded  at  332°C» 
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Figure  7l.  Residue  plot  for  a  93.^  mole  percent 
n~butyl  acrylate  copolymer  degraded 
at  332°Cc 
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TABLE  48 


Peak  No.  in 

Retention  Time 

Fig.  72 

Component 

(minutes ) 

1 

Methyl  Methacrylate 

8 

'  2 

n-Butanol 

10 

For  each  determination  a  known  weight  of  a  suitable 
standard,  cyclohexane  for  the  P.N.P.  and  ethyl  benzoate  for 
the  S. E.30  column,  was  added  to  a  weighed  amount  of  sample. 

The  sensitivity  of  the  detector  to  pure  samples  of  the  liquid 
degradation  products  was  determined  by  injecting  mixtures  of 
known  composition  into  the  chromatograph,  the  results  being 
quoted  in  table  49.  Once  these  factors  had  been  determined 
the  percentage  by  weight  of  any  of  these  components  could  be 
found  as  described  in  chapter  6.  In  copolymers  of  high 
methacrylate  content  it  is  very  difficult  to  remove  the  last 
traces  of  toluene  from  the  films  deposited  in  the  sealed  tubes. 
These  small  amounts  of  solvent  can  be  allowed  for  by  deter¬ 
mining  the  exact  amounts  present  by  quantitative  g.l.c. 
measurements . 

TABLE  49 


1  °/o  S.E.30  Column 


Component 

Sensitivity  Factor  Relative 
to  Ethyl  Benzoate 

n-Butyl  Acrylate 

0*33 

n-Butyl  Methacrylate 

0' 29 

i 

10^  D, 

,  N.P.  Column 

Sensitivity  Factor  Relative 

Component 

to  Cyclohexane 

Methyl  Methacrylate 

0*51 

n-Butanol 

0*40 

} 

Table  50  shows  the  percentages  of  each  of  the  four 
liquid  components  analyzed  for,  with  respect  to  the  total 
weight  of  the  liquid  fraction.  The  difference  between  the 
sum  of  the  percentages  in  table  50  and  100^  may  be  accounted 
for  in  terms  of  short  chain  fragments  which  have  distilled 
into  the  capillary  portion  of  the  sealed  tube  during  degradation. 
It  was  not  possible  to  put  a  reliable  value  on  the  small  amounts 
of  n-butyl  acrylate  found  in  the  breakdown  products  of  the 
93*4  mole  percent  copolymer,  so  that  the  term  "trace",  im¬ 
plying  less  than  one  percent,  is  used  in  table  50.  A  similar 
situation  is  found  with  both  n-butyl  acrylate  and  n-butyl 
methacrylate  in  the  degradation  products  of  a  3*9  mole  percent 
n-butyl  acrylate  copolymer. 

Treatment  of  Results 

As  the  percentages  of  methyl  methacrylate,  n-butyl 
acrylate  and  n-butyl  methacrylate  noted  in  table  50  do  not 
change  in  a  systematic  fashion  with  degradation  time,  an 
average  value  for  these  quantities,  Va,  was  used.  Va 
represents  the  percentage  by  weight  of  a  compound  with  respect 
to  the  weight  of  the  total  liquid  products.  Since  the  per¬ 
centage  of  liquid  products  with  respect  to  initial  polymer 
weight,  /'eL',  is  listed  in  tables  41-47,  the  percentage  of  a 
component  with  respect  to  initial  polymer  weight  can  be  cal¬ 
culated  throughout  the  degradation.  It  is  most  convenient 
here  to  express  the  concentration  of  product  in  terms  of 
millimoles  of  product  per  gram  of  initial  polymer,  and  table 
51  lists  the  concentrations  of  methyl  methacrylate,  n-butyl 
acrylate  and  n-butyl  methacrylate  in  thes e  units.  For  any 
given  copolymer  the  percentage  of  n-butanol  in  table  50 
changes  in  a  regular  fashion  as  the  degradation  proceeds,  and 
is  plotted  in  Figs.  73  and  74  for  50,  82*2  and  93’4  mole 
percent  n-butyl  acryla,te  copolymer s .  Values  from  these 

curves  taken  every  two  hours  were  used  to  calculate  the  number 
of  millimoles  of  n-butanol  produced  per  gram  of  initial  polymer 
as  degradation  proceeds,  which  is  listed  in  table  51.  The 
production  of  methyl  methacrylate  and  n-butanol  is  shown 
graphically  in'  Figs.  75-77. 

Although  the  analysis  of  the  liquid  products  from  the 
degradation  of  a  0°4  mole  percent  n-butyl  acrylate  copolymer 
is  given  in  table  50,  no  data  appear  for  this  copolymer  in 
ta.ble  51  since  systematic  measurements  of  the  production  of 
volatiles  were  not  considered  to  be  necessary  as  they  would  add 
little,  if  anything,  to  the  information  alrea.dy  obtained. 
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TABLE  50.  Analysis  of  the  Liquid  Degradation  Products 


Copolymer 
Composition 
(rnole  folink) 

Temp,  of 
Degdn. 

(°c) 

Time  of 
Degdn. 

( h  ou  r  s ) 

fall  HA 

JSBuOII 

s 

f.BuA 

jSBuMA 

0*4 

313 

313 

313 

313 

2 

4 

12 

37 

100 

100 

100 

100 

nil 
nil 
nil  | 
nil 

nil  1 
nil 
nil 
nil 

nil 

nil 

nil 

nil 

3*9 

313  I 

313  1 

313 

313 

313  \ 

313 

2 

4 

6*5 

8*5 

16 

18 

100 

95 

99 

97 

98 
97 

nil 

nil 

nil 

nil 

nil 

nil 

trace 

trace 

i 

trace 

trace 

trace 

trace 

trace 

trace 

trace 

trace 

trace 

trace 

16*3 

i 

313  1 

313  | 

313 

313 

313 

313 

313  ? 

2 

4 

6 

8 

11 

16 

18 

70 

75 

76 
65 
70 
78 
74 

nil  i 

nil 

nil 

ni  1 

nil 

nil 

nil 

2 

3 

5 

3 

“ 

4 

4 

2 

4 

3 

3 

313 

2 

21 

11 

8 

6 

313  ; 

4 

25 

20 

5 

7 

313 

6*5 

20 

31 

7 

5 

50-0 

313 

11*5 

22 

44 

. 

313 

15 

26 

47 

_ 

313 

16 

22 

34 

9 

6 

313 

24 

22 

|  33 

9 

6 

313 

3 

1 

25 

1 

1 

313 

6 

2 

34 

2 

1 

so  •  9 

313 

13*5 

1 

48 

- 

313 

15*5 

2 

46 

— 

313 

18 

2 

45 

2 

1 

313 

22 

1 

j  44 

2 

1 

313 

2 

nil 

1  22 

trace 

!  nil 

313 

3 

nil 

|  28 

trace 

Inil 

313 

4 

nil 

:  32 

trace 

’  nil 

313 

6 

nil 

i  53 

trace 

jnil 

93*4 

313 

8 

nil 

|  77 

trace 

’  nil 

313 

10 

nil 

]  71 

trace 

mil 

313 

13*75 

nil 

]  72 

trace 

Inil 

313 

18 

nil 

1  64 

trace 

inil 

313 

24 

nil 

|  64 

trace 

nil 

93*4 


332 

t 

f 

3  1 

nil 

57 

{  trace ’nil 

332 

1 

i 

7 

ni  1 

58 

trace  mil 

332 

\ 

10*5 

nil 

72 

i  trace  nil 

332 

| 

12*5 

nil 

70 

.  trace  nil 

332 

18*5 

nil 

79 

;  trace  nil 

332 

24 

nil 

77 

■!  trace  nil 

MMA  =  niethyl  methacrylate:  BuOH  =  n-butanol:  BuA  =  n-butyl  acrylate 
BuMa  =  n-butyl  methacrylate:  '‘trace"  =  less  than  lfoi  -  =  value  not  m 


easur 


l66 


Time  of  Degradation  (hours) 

(a)  50,0  mole  °/o  n-butyl  acrylate  copolymer. 

(b)  82,2  mole  °/o  n-butyl  acrylate  copolymer. 

Figure  73.  n- Butanol  production  as  a  percentage  of  th 
total  liquid  products  at  313°C, 


Butanol  relative  /o  n-Butanol  relative 


TO  5 

4) 
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(a)  3.9  mole  °/o  n-butyl  acrylate  copolymer, 

(b)  16 .3  mole  °/o  n-butyl  acrylate  copolymer. 
Figure  75.  Plots  of  methyl  methacrylate  production 

at  313°C. 


moles/g.  polymer  m. moles/g.  polymer 


2 


o  Methyl 

Methacrylate 

&  n-Butanol 


(a)  . 


A  n- Butanol 


Time  of  Degradation  (hours) 


(a)  50«0  mole  °/o  n-butyl  acrylate  copolymer. 
■(b)  82,2  mole  °/o  n-butyl  acrylate  copolymer. 


Plots  of  methyl  methacrylate  and 
n-butanol^produc tion  at  313°C. 


Figure  76. 


170 


(a)  Degradation  temperature  313°C. 

(b)  Degradation  temperature  332°C0 


Figure  77*  Plots  of  n-butanol  production  for  a. 
93.4  mole  °/o  n-butyl  acrylate 
copolymer o 
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TABLE  51.  Analysis  of  the  Liquid  Degradation  Products. 

(Data  given  in  terms  of  millimoles  of  product  per  gram  initial  polymer) 
3*9  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation  Time (hours) 

2 

4  6 

8 

1°  i 

12 

14 

16 

18 

Methyl  Methacrylate 

4*21 

6*62  j  8  •  23 

9*21 

9-60 ! 
_ _ i 

9*70 

9  *  70  j 

9*70 

9-70 

Traces  of  n-butyl  acrylate  and  n-butyl  methacrylate. 


16*3  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation  Time (hours) 

6 

8 

10 

12 

14 

16 

18 

Methyl  Methacrylate 

2*74 

5*69 

6*23 

6*42 

6*56 

6*63 

6*64 

6*64 

n-Butyl  Acrylate 

•12 

*24 

•27 

•28 

•28 

•28 

•28 

•28 

n-Butyl  Methacrylate 

•08 

•17 

•18 

•19 

•19 

•19 

! 

*19 

•19 

50*0  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation  Time (hours) 

2 

■3 

!  6 

i  12 

14 

16  1 

18 

Methyl  Methacrylate 

•41 

*  64  | 

•94 

1*06 

1*17 

1*26 

1*35  1 

1*40 

1*45 

n-Butanol 

•27 

•77  | 

2*11 

2*73 

3*01 

3*10 

3*21 

3*20 

3-14 

n-Butyl  Acrylate 

•11 

*17  I 

•25 

•29 

•32 

•34 

*37 

•38 

•39 

n-Butyl  Methacrylate 

•08 

•12 

•i5j 

•17 

•19 

•21 

•23 

•25  j 

. i 

•26 

•27 

82*2  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation 
Time (hours ) 

2 

B 

6 

8 

10 

12 

14 

16 

18 

20 

22 

Methyl 

Methacrylate 

•02 

•03 

•05 

•06 

•07 

•08 

•09 

*09 

•10 

•10 

*11 

n-Butanol 

•29 

•65 

1*07 

1*53 

1*98 

2*35 

2*64 

2*85  | 

2*97 

3*10 

3*08 

n-Butyl 

Acrylate 

•01 

•03 

•04 

•05 

1 

•05 

*06 

; 

•07 

•07 

•08 

| 

•08 

•08 

n-Butyl 

Methacrylate 

•01 

•01 

*02; 

•02 

•02 

•03 

•05 : 

•03 

•04 

•04 

•04 

93*4  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation 
Time (hours) 

2 

B 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

n-Butanol 

•32 

•82 

1-68 

2-70 

3  •  24 

i 

3*53 

3-70 

3*79 

3-87 

3*87; 

! 

Trace  of  n-Butyl  Acrylate. 


93*4  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  332°C 


Degradation 

Time(hours) 

2 

B 

6 

8 

10 

i 

12  1 

14 

16 

18 

20  1 

i 

22  1  24 

n-Butanol 

1*91 

2*72 

3*35 

. 

3*84 

4*28 

4*66 

5*03 

5*23 

5*29 

5  *28  ! 

i 

5*23  |5*16 

Trace  of  n-Butyl  Acrylate 
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A  detailed  mass  balance  for  the  copolymers  degraded  is 
given  in  table  52,  The  percentage  by  weight -of  total  chain 
fragments  was  obtained  by  adding  the  percentage  of  chain 
fragments,  if  any,  to  the  percentage  of  short  chain  fragments 
found  in  the  liquid  products.  This  latter  quantity  was 
determined,  as  previously  mentioned,  by  subtracting  the  sum 
of  the  percentages  of  alcohol,  n-butyl  acrylate,  n-butyl 
methacrylate  and  methyl  methacrylate  from  the  total  percentage 
of  liquid  volatiles,  and  since  it  was  determined  by  difference 
and  not  directly,  is  subject  to  quite  large  errors. 

Discussion  of  Results 

As  expected  the  amount  of  methyl  methacrylate  found  in 
the  degradation  products  decreases  while  the  amount  of  alcohol 
increases  with  increasing  acrylate  content.  n-Butanol  is  not 
produced  until  the  acrylate  content  readies  50  mole  percent, 
table  50,  that  is  until  acrylate  units  are  present  in  sequences. 
From  the  curves  for  the  production  of  n-butanol  at  313°C,  Figs,. 
76  and  77,  it  may  be  seen  that  the  rate  of  alcohol  evolution 
reaches  a  maximum  after  about  seven  hours  degradation,  which 
could  imply  that  the  formation  of  alcohol  is  autocatalytic  in 
nature.  Although  Cameron  and  Kane  (56)  made  no  mention  of  a 
similar  effect  for  methanol  evolution  in  the  degradation  of 
poly(methyl  acrylate),  this  kind  of  behaviour  has  been  noted 
in  other  investigations  of  alcohol  production  from  polyacrylates 
(2),  It  has  been  suggested  that  this  effect  is  a  result  of 
the  increasing  rigidity  of  the  polymer  molecule  as  degradation 
proceeds  (2).  If  this  is  correct,  then  as  the  temperature  of 
degradation  is  raised,  it  would  be  reasonable  to  suppose  that 
the  occurrence  of  such  a  rate  maximum  would  be  less  pronounced. 
At  332°C,  Fig.  77  shows  that,  for  the  degradation  of  a  93*4 
mole  percent  n-butyl  acrylate  copolymer,  no  rate  maximum  is 
evident.  This  will  be  discussed  more  fully  in  a  later  chapter. 

In  table  53  the  concentrations  of  n-butyl  acrylate  and 
n-butyl  methacrylate  at  infinite  degradation  times  are  listed, 
the  data  applying  to  a  pyrolysis  temperature  of  313°C. 

At  first  sight  it  appears  anomalous  that  while  a  60*0  mole 
percent  n-butyl  acrylate  copolymer  produces  on  degradation  0*39 
m.raoles/g.  polymer  of  n-butyl  acrylate  monomer,  a  copolymer 
containing  93*4  mole  percent  acrylate  only  evolves  trace  amounts 
of  this  compound.  This  kind  of  effect  ,  however,  has  also  been 
reported  by  McCormick  (57)  who  found  that  the  amount  of  ethyl 
acrylate  evolved  from  a  25  mole  percent  ethyl  acrylate-methyl 
methacrylate  copolymer  was  more  than  twice  that  evolved  by  the 
acrylate  homopolymer,  although  the  copolymer  contained  only 
one  quarter  the  amount  of  acrylate.  One  explanation  is  that 
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TABLE  52.  Mass  Balance  Bata 

(Data  given  in  terms  of  percentage  of  the  initial  polymer  weight) 
3*9  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation 
Time (hours ) 

2 

B 

6 

8  I 

10 

!  12 

| 

14 

16 

18 

Carbon 

Dioxide 

•4 

*6 

•8 

*9 ! 

i 

1 

•9 

i  ! 

.9; 

!  i 

[  \ 

j  1-0 

I  \ 

1-0 

Methyl 

Methacrylate 

42*1 

66*2 

CO 

• 

CM 

CO 

i 

92-11 

i 

96-0 

I 

i 

|  97*0 

j  97-0. 

97-0 

97-0 

Total  Chain 
Fragments 

*9 

1*3 

t 

1*7 

i.,! 

j 

1  2-0 

2-0 

i  2-0  ’ 

5  t 

j  l 

2-0 

1 

2-0 

Residue 

50*0 

31*0 

18*0 

9*8  ] 

;  6-2 

4-8 

j  3  •  9  ; 

3-8 

• 

00 

Total 

Products 

93*4 

99*1 

j 102*8 

| 

104-7 

i 

105-1 

104-7 

1  1 

1 103 • 9 ! 

!  1 

103-8 

103-8 

16*3  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C 


Degradation 
Time  (hours) 

2 

4 

6 

8 

10 

> 

! 

j  12 

1  16 

I 

!  i* 

20 

Carbon 

Dioxide 

•8 

1-2 

1-5 

1-7 

1-9 

1 

j  2-0 

2-2 

i 

2-3 

2-3 

But-l-ene 

*2 

•4 

•5 

•6 

•6 

1 

•6 

1  r 

1  *6 

•6 

*6 

Methyl 

Methacrylate 

27-4 

46-6 

' 

56-9 

62-3 

!  64-2 
i 

165-6 

) 

i 

!  66-3 

j 

i 

] 

:  66  •  4 

j 

■ 

66  •  4 
. 

n— Butyl 
Acrylate 

1-5 

2-5 

3-1 

3-4 

1 

| 

'  3-5 

i 

j  3-6 

j 

j  3-6 

i 

j  3-6 

3-6 

n-Butyl 

Methacrylate 

1  1-1 

2-0 

2-3 

2-6 

2-6 

» 

j 

j  2-7 

|  2-7 

j  2-7 

2-7 

Total  Chain 
Fragments 

|  7-5 

• 

12-8 

15-6 

17-1 

!  17-7 
\ 

V 

S 17-9 

1 

]  18*2 

i 

;  18-3 

18-3 

Residue 

69-5 

43-4 

24-5 

14-3 

1  10-0 

1  7*2 

\  5*3 

•  5-0 

5-0 

Total 

Products 

108-0 

108-9 

104-4 

' 

102-0 

M 

O 

O 

• 

VJ1 

199-6 

1 

•  98-9 

;98-9 

98-9 
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Table  52  (cont’d.) 


50*0  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C. 


Degradation 
Time (hours ) 

2 

4 

6 

; 

• 

8  ; 

Carbon 

Dioxide 

1*1 

2*1 

3*o; 

3*7; 

But-l-ene 

•9 

1*6 

2  • 1 

2*5 

Methyl 

Methacrylate 

. 

4*1 

6  •  4 

> 

8*1 1 

i 

i 

9*4 

n-Butyl 

Acrvlate 

tv 

1*4 

2-2 

j 

2  -  8  i 

i 

! 

3*3 

n-Butyl 

Methacrylate 

1*1 

1*7 

2*1  : 

2*4 

n-lhitanol 

2*0 

5-7 

10*3 

15*6 

Total  Chain 
Fragments 

•  • 

9*4 

11-7 

11  *7 ; 

10*0 

Residue 

76-4 

65  •  0 

57*8' 

52*0 

Total 

Products 

96-4 

96*4 

97*9 

98*9 

10 

12 

14 

16 

18 

20 

CM 

* 

4*6 

5*0 

5*3 

' 

5*5 

5*5 

2*6 

2*6 

2*6 

2*6 

2*6 

2*6 

10*6 

11*7 

' 

12*6 

13*5 

14*0 

14*5 

3*7 

4*1 

■ 

4*4 

4*7 

4*9 

5*0 

2*8 

■ 

3*0 

3*3 

3*5 

3*7 

3*8 

20*2 

22*3 

23*0 

00 

• 

CM 

23*7 

23*3 

8*7 

9*6 

11*4 

13*2 

14*7 

16*4 

48*2 

44  •  5 

41*2 

38  •  0 

35*2 

32*8 

101*0 

102*4 

103*5 

104*6 

104*3 

103*9 

82*2  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C. 


Degradation 
Time (hours) 

2 

■ 

6 

8 

10 

12 

14 

16 

18 

20 

22 

Carbon 

Dioxide 

1*9 

3*0 

3*9 

4*7 

5*4 

6*1 

6*6 

7*2 

7*4 

7*8 

7*9 

But-l-ene 

1*6 

2*4 

2*9 

3*3 

3*6 

3*3 

4*0 

4*1 

4*4 

4*4 

4*5 

Methyl 

Methacryla  te 
* 

•2 

•3 

• 

•  5 

•6 

•7 

•8 

•9 

•9 

1*0 

1*0 

1*1 

n-Butyl 

Acrylate 

•2 

•3 

•  5 

•6 

*7 

*8 

•9 

*9 

1*0 

1*0 

1*1 

n-Butyl 

Methacrylate 

•1 

•2 

•2 

•3 

*3 

•4 

•4 

•5 

•5 

•  5 

•  5 

n-Butanol 

2*1 

4*8 

8*0 

11*3 

14*6 

17*4 

19*6 

21*1 

22*0 

22*6 

22*8 

Total  Chain 
Fragments 

6*7 

11*6 

14*9 

17*0 

18*5 

19*9 

21*4 

23*3 

25*2 

27*2 

28*8 

Residue 

80*0 

70*5 

63*0 

57*4 

52*0 

46*8 

42*5 

38*5 

35*3 

33*0 

30*9 

Total 

Products 

92*8 

93*1 

93*9 

95*2 

95  •  8 

96*0 

96*3 

96*5 

96*8 

97*5 

97*6 
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TABLE  52  (cont'd.) 

93*4  Mole  Percent  n-Butyl  Acrylate  Copolymer  at  313°C. 


Degradation 
Time (hours) 

2 

| 

4 

6 

8  : 

10 

12 

14  : 

16 

is  : 

1 

20  ; 

22 

24 

Carbon 

Dioxide 

1*9 

i 

3*3 

4*6 

5*6 

6*5 

7-4 

8*1 

8*7 

9*2 

9*6 

9.9 

10*2 

But-1-ene 

1*3 

2*4 

3-2 

4-0 

4-7 

5-3 

5.9 

6*4 

6-6 

6*9 

7-0 

7*0 

n-Butanol 

2*4 

6-1 

12-4 

20-0 

24-0 

26-1 

27*4 

28-1 

28-6 

28-6 

28*2 

27*8 

Total  Chain 
Fragments 

9-0 

12-8 

13-1 

10.0 

10.7 

11-9 

13-7 

15-4 

17-1 

18-6 

20-1 

21.3 

Residue 

89-5 

81-2 

74-0 

67*4 

61-5 

55-0 

50-0 

45*7 

42-3 

39-6 

37-6 

35-7 

Total 

Products 

104-1 

105-8 

107-3 

107-0 

107-4 

105-7 

105-1 

104-3 

103-8 

103-3 

102-8 

102-0 

93*4  Mole  Percent 

n-Butyl  Acrylate  Copolymer  at 

332°C. 

Degradation 
Time (hours) 

2 

' 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

Carbon 

Dioxide 

4-7 

6-6 

8-4 

9.4 

10*2 

10.8 

11-1 

11-4 

11. 5 

11-6 

11.7 

11*7 

But-1-ene 

4.4 

6-1 

7-0 

7*9 

8-4 

8-7 

9*1 

9.4 

9*7 

9*8 

9*9 

10-0 

n-Butanol 

14.2 

20-0 

24.8 

28.4 

31*7 

34-5 

37*2 

38.7 

39-1 

39*1 

38.7 

38.2 

Total  Chain 
Fragments 

16-1 

20-9 

23*4 

24-6 

24*6 

24*0 

23*0 

22*6 

23*4 

24*0 

24*7 

25*5 

Residue 

67-6 

54-2 

46*2 

39-4 

33-0 

28.1 

24-2 

21-1 

19.O 

17*3 

16-1 

15-8 

Total 

107*0 

108.0 

109*8 

109-7 

107-9 

106-1 

104-6 

103.2 

102-7 

101-8 

101-1 

101*2 

Products 


TABLE  53 


Copolymer  Composition 
(mole  %  n -butyl  acrylate) 

n-Butyl  Acrylate 
(m. moles  per  g.  polymer)' 

n-Butyl  Methacrylate 
(m. moles  per  g.  polymer) 

3*9 

trace 

trace 

16-3 

0*28 

0.19 

50-0 

0-39 

0.2? 

82-2 

0*08 

0.04 

93*4 

trace 

nil 
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the  acrylate  monomer  is  produced  in  a  depolyrner  i  zation  reaction 
initiated  at  methacrylate  chain  units,  capable  of  unzipping 
through  some  of  the  acrylate  units,  before  termination  occurs. 
In  the  acrylate  homopolymer  no  methacrylate  units  are  available 
to  initiate  such  depolymerizations,  and  since  acrylate  radicals 
prefer  to  take  part  in  transfer  reactions  rather  than  to  de- 
polymerize,  very  little  monomer  is  produced. 

•  n-Butyl  methacrylate  is  obtained  in  highest  yield  from 
the  50*0  mole  percent  n-butyl  acrylate  copolymer,  which  is 
consistent  with  the  idea  that  its  production  depends  upon  the 
number  of  acrylate-methacrylate  linkages  in  the  chain. 

Vith  increasing  acrylate  content  the  percentage  of  chain 
fragments  increases  reflecting  the  increasing  number  of  trans¬ 
fer  reactions  taking  place  during  breakdown.  The  stability 
of  the  copolymers  is  shown  by  the  greater  percentage  of  residue 
found  for  any  given  time  of  degradation  the  greater  the  per¬ 
centage  of  n-butyl  acrylate  in  the  original  copolymer. 

Use  of  a  higher  degradation  temperature  favours  the 
production  of  gases,  liquids  and  chain  fragments  at  the 
expense  of  the  residue. 
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CHAPTER  10 


THERMAL  DEGRADATION  OP  COPOLYMERS  OP  METHYL 
METHACRYLATE  AND  n-BUTYL  ACRYLATE.  E.  THE 
RESIDUE  AND  CHAIN  FRAGMENTS. 


INTRODUCTION 

In  the  last  chapter  a  thorough  examination  of  the  gaseous 
and  liquid  degradation  products  was  made.  It  is  also  approp¬ 
riate  to  investigate  the  other  products  of  decomposition, 
namely  the  residue  and  chain  fragments. 


INVESTIGATION  OP  THE  RESIDUE 
Spectroscopic  Techniques 
Infra-red 


For  copolymers  of  high  methacrylate  content  the  entire 
residue  was  found  to  be  soluble  in  carbon  tetrachloride,  so 
that  spectra  of  both  the  degraded  and  undegraded  material 
could  be  run  in  solution.  As  the  acrylate  content  of  the 
copolymer  is  increased,  the  residue  becomes  increasingly 
insoluble  in  organic  solvents  so  that  some  other  technique 
must  be  used  to  obtain  spectra.  Grinding  the  residue  with 
potassium  bromide  and  pressing  the  mixture  to  form  discs  was 
not  very  successful  because  of  the  difficulties  of  grinding  a 
rubbery  material.  The  best  method  found  for  such  copolymers 
consisted  of  applying  a  solution  of  the  undegraded  polymer  in 
toluene  to  two  salt  plates  and  removing  the  solvent  in  a 
vacuum  oven  at  80°C.  The  plates  were  then  placed  together, 
the  polymer  film  being  sandwiched  between  them,  and  the  whole 
assembly  degraded  in  a  sealed  tube.  Pig.  78  shows  a  typical 
spectrum  of  an  undegraded  copolymer  together  with  a  spectrum 
of  the  same  material  after  degradation  between  salt  plates  at 
313°C.  These  differ  in  that  the  spectrum  of  the  pyrolyzed 
copolymer  has  a  shoulder  at  1760  cmT-*-  on  the  carbonyl  peak, 
and  a  new  peak  at  1560  cm7^ ,  while  the  other  absorptions  have 
broadened.  Only  degradations  carried  out  on  salt  plates 
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Figure  78.  Infra-red  spectra  of  an  82.2  mole  °/o  n-butyl  acrylate  copolymer 
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showed  the  new  absorption.  The  shoulder  at  1760  cm7^  becomes 
better  defined  when  both  the  acrylate  content  of  the  starting 
material  and  the  time  of  degradation  are  increased.  In 
addition  to  these  absorptions,  the  93*4  mole  percent  n-butyl 
acrylate  copolymer  exhibits  a  small  peak  at  1605  cmT^ ,  which 
has  also  been  reported  for  the  degradation  of  pure  poly(n-butyl 
acrylate)  ( 2) .  ' 

Dealing  first  with  the  absorption  at  1560  cm7^ ,  the 
possibilities  are  strictly  limited,  the  only  likely  assignment 
being  that  of  a  carboxylate  ion  /C=0  \ 


V><-V 

The  most  reasonable  explanation  is  that  ester  decomposition 
reactions  leave  carboxylic  acid  residues  pendant  to  the  main 
chain.  Under  the  experimental  conditions  these  may  react 
with  the  salt  plates  to  form  the  appropriate  sodium  salt. 

If  this  explanation  is  correct,  a  polymer  such  as  poly(meth- 
acrylic  acid)  shoxild,  under  similar  conditions  of  degradation,  • 
show  a  similar  absorption  at  1560  cmT^.  Because  of  the  in¬ 
solubility  of  this  polymer  in  solvents  suitable  for  coating  on 
salt  plates  it  was  ground  up  with  sodium  chloride  and  degraded 
in  a  sealed  tube  at  313°C  for  seven  hours.  A  sample  of  pure 
poly(methacrylic  acid)  was  similarly  degraded  under  identical 
conditions  as  a  control.  The  sample  heated  with  sodium 
chloride  had  an  absorption  at  1560  cmT  ,  while  the  control 
sample  had  not.  Neither  does  undegraded  poly (methacrylic 
acid)  absorb  in  this  region.  To  check  that  copolymers  of 
high  acrylate  content  showed  this  absorption  when  degraded 
as  a  mixture  with  sodium  chloride,  a  sample  of  the  82*2  mole 
percent  n-butyl  acrylate  copolymer  was  degraded  in  this  way, 
the  new  absorption  appearing  as  expected.  These  experiments 
confirm  the  general  nature  of  this  absorption. 


The  shoulder  on  the  carbonyl  peak  at  1760  cmT^  may  be 
ascribed  to  a  y  lactone,  an  a(3  unsaturated  y  lactone,  or  a  j3y 
unsatprated  6  lactone.  It  has  been  postulated  tha. t  anhydride 
groups  have  a  doublet  absorption  at  about  1800  cm7^  and  1760  cmT 
No  peak  at  1800  cmT-'-  was  observed  in  the  decomposition  of  the 
copolymers,  but  it  should  be  pointed  out  that  the  reaction  of 
the  acid  residue  with  the  salt  plates  may  take  place  in  prefer¬ 
ence  to  anhydride  formation  so  that  production  of  anhydride 
units  cannot  definitely  be  ruled  out  by  this  result.  Recently, 
however,  an  RM-100  Rotomill  (Research  and  Industrial  Instr.  Co.) 
has  become  available,  and  can  be  used  to  prepare  acceptable 
potassium  bromide  discs  from  the  residue  resulting  from 


decomposition  of  copolymers  of  high  acrylate  content.  An 
examination  of  the  82*2  mole  percent  n-butyl  acrylate  co- 
polymer  by  this  technique  shoved  no  absorption  at  1800  cmT 
so  that  production  of  anhydride  in  the  residue  can  be  dismissed 

The  absorption  at  1605  cm7^  can  be  attributed  to  con¬ 
jugated  carbon-carbon  double  bonds. 

U.V. -Visible 

As  degradation  proceeds  the  colour  of  the  residual 
polymer  goes  through  yellow  to  brown  and  for  similar  extents 
of  decomposition  the  copolymers  of  greater  acrylate  content 
exhibit  more  pronounced  coloration.  U.V. -Visible  spectra 
were  run  of  polymeric  films  deposited  on  the  base  of  a  silica 
flange,  a  procedure  which  was  found  to  be  necessary  since 
suitable  solvents  for  the  copolymers  did  not  have  sufficient 
transmittance  in  the  U.V.  The  copolymers  examined  were  the 
3*9  mole  percent  and  82*2  mole  percent  n-butyl  acrylate  co¬ 
polymers.  2  ml.  of  a  50  mg. /ml,  solution  of  the  sample  in 
toluene  was  pipetted  on  to  the  flat  base  of  a  silica  flange 
and  the  solvent  removed  in  a  vacuum  oven  at  80°C.  The  samples 
were  degraded  at  313°C  using  the  glass  still  (see  Chapter  6), 
spectra  being  run  by  placing  the  whole  flange  in  the  beam  of 
the  spectrometer.  Scans  were  run  from  880  mp  to  200  mp,  the 
undegraded  copolymers  showing  an  absorption  maximum  at  about 
227  mp  corresponding  to  absorption  by  the  ester  group.  As 
the  82*2  mole  percent  copolymer  was  degraded  there  was  a 
general  increase  in  absorption  in  the  region  from  420  mp  down 
to  227  mp,  while  in  the  case  of  the  3*9  mole  percent  copolymer, 
increasing  absorption  in  this  region  did  not  become  important 
till  long  degradation  times,  and  was  still  much  less  than  that 
exhibited  by  the  material  richer  in  acrylate.  This  new  ab¬ 
sorption,  Pig.  79,  has  no  characteristic  maximum,  and  may  be 
attributed  to  the  presence  of  varying  lengths  of  ethylenic 
unsaturation,  the  maximum  length  of  such  conjugation  being 
about  eight  double  bonds  which  corresponds  to  a  p  of  415  mp. 

N.M.R. 


The  soluble  residue  from  breakdown  of  the  50*0  mole 
percent  n-butyl  acrylate  copolymer  at  313°C  was  examined 
by  N.M.R.  A  spectrum  of  degraded  material  is  shown  in  Fig. 
80,  run  in  carbon  tetrachloride  with  tetramethyl  silane  as 
standard.  No  new  absorptions  appeared  on  decomposition,  and 
the  ratio  of  the  two  kinds  of  ester  group  present  as  given  by 
the  ratio  of  -OCIIp-  to  -OCH3  protons  also  remained  constant. 


Elemental  Analysis 

Micro  analysis  was  carried  out  on  the  residue  obtained 
by  the  degradation  of  a  50*0  mole  percent  n-butyl  acrylate 
copolymer  at  332°G.  Because  of  the  tendency  of  the  residue 
to  adhere  to  the  vails  of  the  glass  pyrolysis  tube,  it  vas 
quite  difficult  to  obtain  a  sample  for  combustion.  Table  54 
lists  the  relative  veights  of  carbon,  hydrogen  and  oxygen  in 
the  sample,  the  oxygen  figure  being  found  by  difference. 

TABLE  54 


Time  of  Degradation  (hours) 

c/cG 

foE 

foO 

0  (calculated  data) 

63*13 

8*83 

28*04 

14*5 

78*98 

6*73 

14*29 

24*0 

77*80 

6*53 

15*63 

These  results  shov  that  on  degradation  the  carbon  content 
rises  while  the  hydrogen  and  oxygen  content  falls.  A  similar 
result  has  been  reported  for  decomposition  of  the  homopolymer, 
poly(n-butyl  acrylate)  (2).  The  complexity  of  the  degradation 
of  the  copolymers  as  reflected  by  the  variety  of  products  ob¬ 
tained  makes  interpretation  of  data  such  as  this  extremely 
difficult,  so  that  extensive  examination  of  coj>olymer  residues 
by  this  technique  was  not  undertaken. 

Molecular  Weight  Measurements 

The  molecular  weight  changes  which  occur  on  degradation 
at  313°C  of  the  0*4  mole  percent  and  50*0  mole  percent  n-butyl 
acrylate  copolymers  are  plotted  in  Fig.  81,  On  this  type  of 
plot  polymers  breaking  down  by  depolymerization  processes  give 
curves  lying  above  the  diagonal  AC  while  those  degrading  by 
random  scission  lie  along  ABC  (34).  The  behaviour  of  the  0*4 
mole  percent  copolymer  is  much  nearer  to  that  displayed  by 
pure  poly(methyl  methacry late)  than  is  the  behaviour  of  the 
50*0  mole  percent  copolymer.  This  is  to  be  expected,  but  it 
is  interesting  to  note  the  disproportionate  effect  of  a  small 
amount  of  acrylate.  A  similar  type  of  result  has  been  found 
for  other  copolymer  systems.  In  Chapter  7  copolymers  with 
acrylate  contents  of  up  to  50*0  mole  percent  were  treated  from 
a  thermogravimetric  point  of  view  as  degrading  by  a  first  order 
type  of  process  whereas  Fig.  81  would  seem  to  indicate  that 
even  with  as  little  as  0*4  mole  percent  n-butyl  acrylate,  the 
copolymers  should  be  treated  as  randomly  degrading  entities. 


Molecular  Weight (/o  of  origi 
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The  reason  for  this  apparent  contradiction  is  that  a  few 
scissions  occurring  at  random  in  a  polymer  molecule  will  make 
a  great  difference  to  the  molecular  weight  of  the  sample,  hut 
will  not  lead  to  any  weight  loss,  unless  some  scissions  occur 
close  together.  If  a  copolymer  can  degrade  both  by  random 
scission  and  by  depropagation  simultaneously,  it  is  clear  that 
molecular  weight  measurements  will  be  more  sensitive  to  the 
random  reaction,  while  weight  loss  methods  will  tend  to  follow 
the  depropagation  reaction.  It  is  therefore  the  relative 
sensitivity  of  these  two  differing  methods  of  following  thermal 
breakdown  which  leads  to  an  apparently  anomalous  situation. 

•Sol-Gel  Analysis 

The  Soxhlet  extraction  technique  described  in  chapter  6 
was  used  to  investigate  the  relative  amounts  of  soluble  and 
insoluble  material  in  the  polymeric  residues.  This  method 
ensures  a  constant  supply  of  fresh  solvent  with  which  to 
perform  efficient  extraction.  Benzene  was  used  since  it  is 
desirable  to  use  a  fairly  low  boiling  solvent  in  order  to 
prevent  further  decomposition  of  the  polymer  during  extraction. 
This  investigation  was  extended  to  include  measurements  on 
homopolymers  of  n-butyl  acrylate.  The  polymers  examined  and 
the  degradation  conditions  employed  are  listed. in  table  55. 


TABLE  55 

Polymer  Composition 
(mole  rfo  n-butyl 
acrylate) 

Molecular  Veight,  Mn 

Temperature  of 
Degradation,  °C 

100 

870,000 

313  and  329 

93*4 

76,500 

329 

93*4 

3,160,000 

329 

52*4 

1,330,000 

313 

As  detailed  in  chapter  6,  for  each  run  the  weight  of  gel, 
(AQ+AS),  weight  of  sol,  (AP-AS),  and  total  weight  of  residue, 
(Ap+AQ) ,  were  determined.  Knowing  in  addition  the  initial 
weight  of  polymer  degraded,  ¥,  the  percentage  insolubility, 
c/o  I  =  [  ( AQ+AS) /( AP+  AO)  ]  x  100,  and  percentage  conversion, 
foC  =  [l  -  (ap+a  o)  /v]  x  100,  were  found.  The  effect  of  com¬ 
position,  Pig.  82,  molecular  weight,  Pig.  83,  and  temperature 


H 

O 

\ 

O 


A 


a  n-butyl  acrylate  horiiopolyrner,Mn870, 0 

o  93.4  mole  °/o  n-butyl  acrylate  copol 

76,500. 

82,  Effect  of  composition  on  gel  forma 

329°C. 
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of  degradation,  Pig.  84,  are  shown  by  appropriate  plots  of 
fol  versus  foC  in  the  figures  mentioned,  using  the  values  listed 
in  tables  56-59. 

Solubility  depends  upon  the  flexibility  of  the  polymer 
chain  and  on  its  ability  to  adopt  any  orientation  with  respect 
to  solvent  molecules.  Factors  vhicli  tend  to  reduce  the 
possibility  of  attaining  such  orientations  will  therefore  tend 
to  reduce  solubility.  The  development  of  insolubility  in  a 
polymer  as  degradation  proceeds  can  be  associated  with  cross 
linking  reactions  or  the  formation  of  rigid  structures  by 
intramolecular  processes.  The  occurrence  in  the  n-butyl 
acrylate  -  methyl  methacrylate  copolymer  system  of  such  cross 
links  or  rigid  structures  due  to  inter-  and  intramolecular 
anhydride  formation  respec tively  may  be  discounted  as  there  is 
no  evidence  for  the  existence  of  such  functional  groups  in  the 
residue,  so  that  it  seems  likely  that  insolubility  is  caused 
by  cross  linking  of  n-butyl  acrylate  units  through  their 
tertiary  carbon  atoms,  a  contribution  also  being  made  by  the 
formation  of  ring  systems  which  increase  the  rigidity  of  the 
polymer  chain. 

Effect  of  Copolymer  Composition  on  Gel  Formation 

Fig.  82  shows  that  for  a  fixed  degree  of  conversion  the 
amount  of  gel  formation  in  the  acrylate  homopolymer  is  always 
gr.eater  than  that  in  the  copolymer  containing  93*5  mole  percent 
acrylate,  when  both  are  degraded  at  329°C.  Comparison  of  the 
data  given  in  tables  56  and  60  for  degradations  carried  out  at 
313°C  confirm  the  observation  that  increasing  the  acrylate 
content  of  the  system  increases  gelation  at  any  given  conversion 
These  results  reflect  the  different  modes  of  breakdown  of 
acrylates  and  methacrylates. 

Effect  of  Molecular  ¥eight  on  Gel  Formation 

From  the  introductory  discussion  it  would  appear  that 
gel  formation  shoiild  be  a  function  of  both  cross  link  density 
and  the  length  of  the  chains  being  cross  linked.  Fig.  83 
shows  the  effect  of  molecular  weight  on  the  formation  of  gel 
for  93*4  mole  percent  n-butyl  acrylate  copolymers.  As  pre¬ 
dicted,  for  a  given  degree  of  conversion  the  higher  molecular 
weight  material  contains  a  greater  proportion  of  insoluble 
residue  than  does  the  lower  molecular  weight  sample. 

Effect  of  Degradation  Temperature  on  Gel  Formation 

In  the  case  of  poly(n-butyl  acrylate)  degraded  at  313°C 
and  at  329°C,  Fig.  84  shows  that  there  is  greater  insolubility 


Table  56 

Sol-gel  Analysis  Data  for  Poly(n-butyl  aoryls-te) 


>1870,000  Degraded  at  313°C. 


Time  of  Degradation 
(hours ) 

°/o Conversion 
(°/oC) 

° / olnsolubility 
(°/ol) 

1 

10 

7 

2 

25 

8 

4 

28 

8 

10 

38 

20 

16 

51 

l4 

20 

60 

53 

24 

75 

94 

Table  57 

Sol-gel  Analysis  Data  for  Poly(n-butyl  acrylate) 


Mn870,000  Degraded  at  329°C. 


Time  of  Degradation 
(hours ) 

°/oConversion 

(°/oC) 

°/o Insolubility 

(%>I) 

.  . 

2 

23 

11 

5 

34 

4 

10 

71 

38 

19 

72 

75 

24 

69 

100 
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Table  58, 

Sol-gel  Analysis  Data  Tor  a  93*4  Mole  °/o  n-Butyl 


Acrylate  Copolymer, M 

^76 , 500, Degraded  at 

329°C. 

Time  of  Degradation 

°/ oConversion 

° / olnsolubility 

(hours ) 

(°/oC) 

(°/ol) 

4 

56 

4 

10 

76 

56 

21 

82 

94 

24 

86 

98 

Table  59 


Sol-gel  Analysis  Data  for  a  93*4  Mole  °/o  n- Butyl 


Acrylate  Copolymer »Mn3 , 160, 000 , Degraded  at  329°C. 


Time  of  Degradation 
(hours ) 

/oConversion 

(°/oC) 

°/o!nsolubility 

(°/ol) 

1 

43 

2 

8 

52 

7 

12 

57 

18 

24 

55 

87 

Table  60 

Sol-gel  Analysis  Data  for  a  52.4  Mole  0 

/ 0  n-Butyl 

Acrylate  Copolymer ,  1] 

^1 , 33° , 000 , Degraded 

at  313°C. 

Time  of  Degradation 

°/oConversion 

°/o!nsolubility 

(hours ) 

(°/oC) 

(°/ol) 

4 

34 

.4 

6 

38 

.3 

17 

27 

.6 
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at  the  lover  temperature  of  decompose tion  than  at  the  higher 
vhen  the  same  degree  of  conversion  is  considered.  This 
result  reflects  the  effect  of  temperature  on  the  competing 
processes  of  depolymerization,  random  scission,  and  cross 
linking. 

Degradation  at  a  Lover  Temperature 

An  investigation  of  the  relationship  betveen  chain 
scission  and  carbon  dioxide  production  in  the  methyl  acrylate  - 
methyl  methacrylate  copolymer  system  established  that  there  is 
a  one  to  one  correspondence  betveen  these  processes  (18,33). 

It  vas  thus  considered  to  be  of  interest  to  investigate  vhat 
relationship,  if  any,  these  reactions  bear  to  one  another  in 
the  n-butyl  acrylate  -  methyl  methacrylate  system.  In  order 
to  study  this  aspect  of  the  degradation  reaction,  a  lover 
pyrolysis  temperature  vas  chosen  than  those  previously  used 
so  that  this  relationship  might  be  investigated  unaccompanied 
by  large  scale  volatilization  reactions. 

Carbon  Dioxide  Production  and  Chain  Scission 

The  number  of  chain  scissions,  N,  vhich  have  occurred 
per  molecule  of  copolymer  is  given  by, 

N  =  (M  /  M,  -  1) 

in  vhich  M0  and  are  the  initial  molecular  veight  and  the 
molecular  veight  after  degradation  for  time  t  respectively. 

This  equation  only  applies  strictly  if  there  is  neither  cross 
linking  nor  loss  of  polymer  molecules  from  the  system.  Con¬ 
sequently  degradation  conditions  vere  chosen  such  that  a  large 
fall  in  molecular  veight  could  be  observed  vithout  accompanying 
detectable  veight  loss. 

All  degradations  vere  carried  out  in  the  glass  still  at 
237°C.  The  sample  size  used  vas  approximately  130  mg. ,  the 
polymer  being  degraded  as  a  film  cast  on  the  base  of  a  flange 
from  toluene  solution.  Measurements  of  the  pressure  of 
carbon  dioxide  evolved  vere  made  using  a  McLeod  gauge,  and  the 
number  of  moles  of  gas  produced  calculated.  After  degradation 
the  residue  vas  dissolved  in  toluene,  its  molecular  veight 
measured,  and  the  number  of  chain  scissions  per  molecule  of 
original  polymer,  N,  calculated.  Knoving  the  exact  veight  of 
sample  used  and  the  molecular  veight  of  the  undegraded  copolymer, 
the  number  of  moles  of  carbon  dioxide  evolved  per  mole  of 
initial  sample  may  be  found. 
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The  results  of  these  measurements  are  given  in  table  61. 

The  plot  of  carbon  dioxide  evolved  per  molecule  versus  the 
number  of  chain  scissions  per  molecule  is  given,  for  a  52*4 
mole  percent  n-butyl  acrylate  copolymer,  in  Pig.  85,  which 
shows  that  the  amount  of  this  gas  produced  per  chain  scission 
is  not  constant  as  degradation  proceeds,  but  increases  with 
time  of  pyrolysis.  This  s traightf orward  interpretation  of 
Pig.  85  applies  providing  that  it  is  assumed  that  no  cross 
linking  occurs.  If  cross  linking  does  take  place  to  a  small 
extent,  however,  and  this  would  not  seem  to  be  unlikely ,' then 
the  molecular  weight  measured  after  degradation  for  time  t, 

Mt*  would  be  greater  than  that  found  if  no  cross  linking  had 
occurred,  so  that  the  value  of  N  calculated  would  be  smaller, 
and  the  calculated  amount  of  carbon  dioxide  per  chain  scission 
greater,  than  the  correct  value.  Thus  the  data  in  table  61 
and  Pig.  85  can  also  be  interpreted  in  terms  of  a  fixed 
relationship  between  chain  scission  and  carbon  dioxide  production 
as  degradation  proceeds,  in  conjunction  with  a  cross  linking 
reaction.  Whichever  interpretation  is  correct,  it  is  clear 
that  simple  measurement  of  carbon  dioxide  production  cannot  be 
used,  as  it  was  in  the  methyl  acrylate-methyl  methacrylate 
copolymer  system,  to  determine  the  extent  of  chain  scission. 

Mass  Spectrometry 

The  mass  spectrum  of  the  volatile  materials  evolved  from 
a  52*4  mole  percent  n-butyl  acrylate  copolymer  heated  at  23T°C 
for  seven  hours  is  shown  in  Pig.  86,  This  spectrum  may  be 
interpreted  largely  in  terms  of  that  expected  from  a  mixture 
of  methyl  methacrylate  and  but-l-cne.  The  small  peaks  at 
mass  31  and  at  mass  44  may  be  attributed  to  n-butanol  and 
carbon  dioxide  respectively.  Although  these  peaks  are  much 
smaller  than  those  .ascribed  to  methyl  methacrylate  and  but-l-ene, 
without  calibration  of  the  mass  spectrometer  no  conclusions 
can  be  drawn  as  to  their  relative  importance. 

INVESTIGATION  OP  CHAIN  FRAGMENTS 

No  detailed  investigation  of  the  chain  fragments  was 
undertaken.  As  in  the  case  of  the  residue,  the  colour  of 
these  fragments  becomes  deeper  with  increasing  acrylate  content 
ranging  from  yellow  to  brown.  Infra-red  spectra  of  this 
fraction  were  run  as  liquid  films  between  salt  plates  and  were 
essentially  similar  to  that  of  the  residue  shown  in  Pig.  78. 

A  typical  g.l.c.  trace  of  the  short  chain  fragments  which  dis¬ 
tilled  into  the  capillary  section  of  the  sealed  tube  during 
degradation  is  shown  in  Pig, 87.  A  Ifo  S.E.30  column  was  used  in 
this  work,  the  retention  times  for  some  n-alkanes  being  shown 
for  comparison. 
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Figure  86.  Mass  spectrum  (20ev)  of  products  from  the  degradation  of  a  52.4  mole 
percent  n-butyl  acrylate  copolymer  for  seven  hours  at  237°C. 
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G.L.C.  trace  of  short  chain  fragments  from  the  degradation  of  a 
50.0  mole  percent  n-toutyl  acrylate  copolymer  at  313°C  for  11.5  hours 
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CHAPTER  11 


SURVEY  OP  RESULTS  AND  GENERAL  DISCUSSION 


INTRODUCTION 

As  a  preliminary  to  studies  of  the  thermal  degradation  of 
copolymers  of  methyl  methacrylate  with  methyl  and  butyl 
acrylates  it  was  necessary  to  estimate  the  reactivity  ratios 
for  these  two  systems.  Values  had  not  previously  been 
reported,  probably  because  the  closely  similar  chemical 
structures  of  the  two  comonomers  made  analysis  extremely 
difficult.  N.M.R.  spectroscopy  was  used  to  analyse  the 
copolymers  since  it  can  distinguish  quantitatively  between 
protons  in  different  environments  in  the  two  monomer  units. 

The  values  of  reactivity  ratios  obtained  in  this  way  are  in 
good  agreement  with  values  published,  for  the  methyl  meth¬ 
acrylate/methyl  acrylate  system,  since  this  work  was  started. 

This  method  has  been  extended  to  a  wider  series  of  meth¬ 
acrylate/acrylate  copolymers  with  excellent  results.  N.M.R. 
spectroscopy  clearly  offers  a  general  method  of  analysis  of 
copolymers  whose  constituent  monomers  are  similar,  provided 
they  have  protons  in  different  environments. 

METHYL  METHACRYLATE/METHYL  ACRYLATE  COPOLYMERS 

The  methyl  methacrylate/methyl  acrylate  copolymer  system 
was  found  to  degrade  in  approximately  the  same  fashion  thermally 
and  photochemical ly.  It  is  therefore  convenient  to  discuss 

the  two  reactions  together.  Copolymer  degradation  may  be 
treated  most  conveniently  from  the  point  of  view  of  the  effect 
of  a  second  monomer  on  the  degradation  of  a  homopolymer. 

Thus  in  the  case  of  poly(methyl  methacrylate)  the  incorporation 
of  only  lfa  methyl  acrylate  has  a  profound  effect  on  the  thermal 
and  photochemical  degradation.  The  methyl  acrylate  units 
block  the  normal  depolymerization  from  unsaturated  chain  ends. 
After  all  these  unsaturated  chain  ends  have  reacted, de¬ 
propagation  only  occurs  from  points  of  random  chain  scission 
and  of  course  is  blocked  by  the  methyl  acrylate  units  in  the 
chain.  Thus  the  methyl  methacrylate/methyl  acrylate  copolymers 
are  very  much  more  stable  thermally  than  poly(methyl  methacrylate) 
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as  shown  by  the  temperature  at  which  reaction  occurs  at  a 
conveniently  measurable  rate  (260°C  for  copolymers  compared 
to  220°C  for  poly (methyl  methacrylate)).  In  the  photo¬ 
chemical  degradation  much  less  volatilization  occurs  in  the 
copolymers  than  in  poly(methyl  methacrylate)  at  similar 
temperatures.  This  again  indicates  stabilisation  by  the 
comonomer  methyl  acrylate.  In  both  the  thermal  and  photo¬ 
chemical  reactions,  as  expected,  stability  increases  with  in¬ 
creasing  methyl  acrylate  content. 

Sequence  distribution  studies  show  that  in  the  copolymer 
molecules  the  large  majority  of  methyl  acrylate  units  are 
separated  from  each  other  by  blocks  of  methyl  methacrylate. 

There  are,  however,  small  amounts  of  pairs  of  adjacent  methyl 
acrylate  units.  The  experimental  zip  lengths  from  points  of 
chain  scission,  for  the  thermal  degradation  of  copolymers  of 
low  methyl  acrylate  content,  show  that  the  depropagation  re¬ 
action  is  effectively  blocked  by  isolated  methyl  acrylate 
units.  In  copolymers  of  higher  methyl  acrylate  content  the 
zip  length  indicates  that  the  reaction  can  pass  through  single 
methyl  acrylate  units,  but  very  much  less  readily  through 
adjacent  pairs  of  methyl  acrylate  units.  This  blocking  re¬ 
action  at  methyl  acrylate  pairs  can  be  explained  in  terms  of 
intermoleeular  transfer  reactions  occurring  at  the  unstable 
methyl  acrylate  radicals  to  form  stable  saturated  chain  ends. 

Some  depropagation  through  the  methyl  acrylate  pairs  does  occur 
during  the  thermal  degradation  and  this  could  be  explained  by 
intramolecular  transfer  to  form  a  chain  fragment  larger  than 
monomer  and  a  methyl  methacrylate  radical,  which  can  readily 
depropagate.  In  photochemi cal  degradation  the  zip  lengths 
are  much  longer  than  in  the  thermal  reaction  showing  that 
depropagation  can  occxir  more  readily  through  methyl  acrylate 
pairs.  In  this  case  the  copolymer  samples  are  very  viscous 
and  it  is  possible  that'this  favours  the  intramolecular  rather 
than  intermoleeular  transfer  reaction. 

Much  more  work  is  necessary  on  this  aspect  of  the  de¬ 
gradation  since  it  is  not  clear  why  the  blocking  efficiency 
should  alter  with  increasing  methyl  acrylate  content  of  the 
copolymers.  This  explanation  of  longer  zip  lengths  in  the 
photochemical  degradation  is  only  tentative  and  this  needs 
further  investigation.  A  study  of  copolymers  with  higher 
methyl  acrylate  content  and  also  copolymers  of  methyl  meth¬ 
acrylate  with  other  monomers  capable  of  transfer  and  thus  having  . 
blocking  ability,  should  produce  interesting  results. 

The  degradation  behaviour  of  poly(methyl  acrylate)  is 
also  affected  by  the  addition  of  a  comonomer.  Thus  the  pro¬ 
duction  of  methanol,  which  forms  approximately  15J$  of  the 
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volatile  products  of  thermal  degradation  of  poly (methyl 
acrylate),  is  suppressed  in  the  copolymers.  This  surprising 
result  can  be  related  to  the  isolation  of  the  methyl  acrylate 
units  in  the  methyl  methacrylate  chain.  It  appears  that  it 
is  necessary  to  have  a  block  of  methyl  acrylate  units  before 
methanol  is  liberated.  It  may  be  tentatively  suggested  that 
a  mechanism  of  the  type  shown  is  involved,  which  depends  upon 
the  existence  of  adjacent  methyl  acrylate  units. 
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This  mechanism  could  be  thoroughly  investigated  by  de¬ 
grading  copolymers  with  the  methyl  acrylate  labelled  in  the 
-O-CH3  position  with  C14  thus  allowing  any  methanol  produced 
to  be  estimated  with  a  high  degree  of  accuracy.  By  covering 
a  range  of  copolymer  compositions,  it  should  be  possible  to 
determine  very  exactly  the  conditions  required  for  methanol 
production. 

This  work  illustrates  one  of  the  advantages  of  copolymer 
degradation  studies.  Thus  in  the  thermal  degradation  of 
poly(methyl  acrylate)  the  various  reactions  occurring  are 
superimposed  and  it  is  difficult  to  determine  the  individual 
degradation  mechanisms.  In  copolymers  the  methyl  acrylate 
units  are  "diluted"  by  isolation  in  the  methyl  methacrylate 
chain,  thus  removing  some  of  the  masking  reactions  which  occur 
in  the  homopolymer.  This  allows  the  mechanism  of  methanol 
production  to  be  investigated  in  detail. 

Apart  from  methanol,  the  volatile  products  of  the  thermal 
and  photochemical  degradations  are  as  expected  by  comparison 
with  the  products  of  degradation  of  the  homopolymers.  It  is 
obvious,  however,  that  greater  amounts  of  methyl  acrylate 
monomer  are  liberated  when  the  methyl  acrylate  units  are 
isolated  in  a  methyl  methacrylate  chain. 

The  chain  scission  reaction  which  occurs  during  the  thermal 
degradation  of  the  copolymers  also  illustrates  a  variation 
from  the  expected  behaviour.  The  polymer  chains  do  not  break 
directly  at  methyl  acrylate  units  as  might  be  expected.  A 
complicated  reaction  mechanism  is  operative  which,  from  a 
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study  of  the  kinetics  of  chain  scission,  proceeds  by  means  of 
a  radical  chain  reaction.  The  initiation  step  of  this  chain 
reaction  is  the  formation  of  radicals  at  methyl  acrylate  units 
in  the  chain,  hydrogen  being  liberated.  The  propagating 
radical,  however,  can  attack  any  main  chain  methylene  group 
to  liberate  eventually,  as  the  result  of  a  f ive-membered  ring 
mechanism,  one  molecule  of  carbon  dioxide  for  every  chain 
scission.  This  type  of  chain  scission  might  possibly  occur 
in  poly(methyl  acrylate),  accounting  for  the  observed  carbon 
dioxide  formation,  although  no  data  is  yet  available,  due  to 
the  masking  cross  linking  reaction.  However,  it  is  probable 
that  the  mechanism  only  applies  to  the  copolymer  system  and 
occurs  because  the  separation  of  the  methyl  acrylate  units 
allows  the  propagation  step  of  the  chain  reaction  to  proceed. 
This  point  is  worthy  of  further  study  and  could  lead  to  an 
understanding  of  the  chain  scission  mechanism  in  poly(methyl 
acrylate). 

The  chain  reaction  mechanism  is  particularly  open  to 
criticism  in  the  assumption  that  hydrogen  is  produced  in  the 
initiation  step.  Although  the  experimental  results  indicate 
that  this  is  true,  unsaturation  is  observed  in  the  copolymers 
and  hydrogen  can  obviously  be  liberated  in  reactions  leading 
to  unsaturation  and  cross  linking.  Further  study  of  the 
initial  stages  of  degradation  of  copolymers  containing  methyl 
acrylate  with  the  tertiary  hydrogen  atom  replaced  by  deuterium 
could  clear  up  this  point.  This  system  would  serve  a  double 
purpose  since  at  higher  extents  of  degradation  methanol 
production  could  be  investigated. 

The  molecular  weight  changes  on  photodegradation  show 
that  the  chains  do  not  break  initially  at  methyl-  acrylate 
units,  therefore  it  is  probable  that  a  radical  chain  scission 
mechanism  is  operative  as  for  thermal  degradation.  Carbon 
dioxide  production  does  not  appear  to  bear  a  simple  l/l 
relationship  with  chain  scission,  however,  so  it  is  possible 
that  the  chain  scission  mechanism  is  slightly  different. 

However,  it  is  difficult  to  obtain  kinetic  data  to  confirm  the 
mechanism  in  this  case  due  to  the  viscous  nature  of  the  sample. 
This  aspect  of  the  work  requires  further  investigation. 

The  copolymers  show  an  apparent  induction  effect  when 
photodegraded  in  the  form  of  powder.  However,  when  the  sample 
is  degraded  in  the  form  of  a  film  this  effect  disappears. 

It  is  not  possible  to  explain  this  interesting  result  on  the 
limited  experimental  evidence  available;  however,  it  is  probably 
due  in  some  way  to  the  nature  of  the  powdered  form  of  the 


polymer  below  its  melting  point  and  not  to  the  fundamental 
nature  of  the  chain  scission  reaction.  This  result  illustrates 
the  difficulty  of  interpreting  polymer  degradation  behaviour 
where  the  physical  form  of  the  sample  can  affect  the  degradation 
characteristics  as  discussed  in  chapter  6.  Before  any  further 
detailed  study  of  the  photodegradation  of  this  copolymer  system 
is  undertaken,  therefore,  it  is  obviously  important  to  in¬ 
vestigate  fully  the  effect  of  the  physical  form  of  the  sample 
on  its  degradation  behaviour. 


METHYL  METHACRYLATE/BUTYL  ACRYLATE  COPOLYMERS 

Copolymerization  of  two  monomers  can  lead  to  a  variety 
of  copolymers  differing  in  composition  and  arrangement  of 
monomer  units.  The  two  kinds  of  monomer  unit  may  be  randomly 
distributed,  may  tend  to  alternate,  or  may  tend  to  group 
themselves  in  blocks  of  like  units.  For  the  investigation 
of  the  degradation  of  copolymers  a  knowledge  of  sequence  dis-  * 
tribution  as  well  as  composition  is  necessary.  Methods  of 
calculating  sequence  distribution  have  been  devised  by  Harwood 
(58,59)  using  the  concept  of  run  numbers.  The  run  number,  R, 
of  a  copolymer  is  defined  as  the  average  number  of  uninter¬ 
rupted  monomer  sequences  which  occur  in  a  copolymer  chain  per 
hundred  monomer  units,  and  may  be  calculated  for  the  n-butyl 
acrylate  -  methyl  methacrylate  system  from  a  knowledge  of  the 
monomer  reactivity  ratios  and  the  molar  percentages  of  acrylate 
and  raethacry late  in  the  polymerization  mixture.  Denoting 
acrylate  units  by  A  and  methacrylate  units  by  M  it  is  possible, 
having  found  R,  to  calculate  the  percentage  of  A-A,  M-M  and 
A-M  linkages  in  the  copolymers.  Looking  at  longer  sequences, 
the  percentage  of  A  in  the  centre  of  the  three  possible  triads, 
AAA,  MAM  and  MAA,  which  is  equivalent  to  AAM,  may  be  found. 

It  is  also  of  interest  to  look  at  the  number  average  length 
of  acrylate  sequences,  and  this  quantity  An  is  listed  with 
other  sequence  distribution  data  in  table  62.  The  percentage 
of  acrylate  in  the  middle  of  AAA  triads,  relative  to  all  pos¬ 
sible  triads  in  the  copolymer  including  those  centred  on 
methacrylate  units,  is  also  a  useful  quantity  and  is  given  in 
table  62  as  the  relative  total  percentage  acrylate  in  AAA 
triads,  A-^p. 

Production  of  Alcohol 

The  importance  of  n-butanol  among  the  products  of  degradati 
of  the  copolymer  s' inc reas es  as  the  proportion  of  acrylate  in 
the  initial  polymer  rises.  It  is  interesting  to  note  that  the 
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50*0  mole  percent  n-butyl  acrylate  copolymer  is  the  material 
of  lowest  acrylate  content  which  is  found  to  produce  alcohol 
on  pyrolysis.  It  is  clear  then  from  table  62  that  n-butanol 
is  only  evolved  when  non-isolated  acrylate  units  occur,  but 
it  is  not  certain  from  this  data  whether  the  sequence  length 
required  is  three  or  only  two  acrylate  units,  since  the  threshold 
of  alcohol  formation  at  the  50*0  mole  percent  copolymer  cor¬ 
responds  to  a  marked  increase  in  both  the  number  of  A-A  link¬ 
ages,  from  2*0  to  22*5,  and  in  the  relative  total  percentage 
acrylate  in  AAA  triads,  A-j-p,  from  0*2  to  10*1. 

In  view  of  the  dependence  of  alcohol  formation  on  the 
presence  of  sequences  of  acrylate  units  it  would  be  interesting 
to  test  the  hypothesis  in  chapter  4  that  a  similar  situation 
occurs  in  the  methyl  acrylate  -  methyl  methacrylate  copolymer 
system.  No  methanol  at  all  is  produced  from  copolymers  con¬ 
taining  up  to  33*3  mole  percent  acrylate,  but  this  was  the 
highest  acrylate  content  copolymer  examined.  It  was  con¬ 
cluded  that  this  value  of  33*3  mole  percent  methyl  acrylate 
is  near  the  threshold  for  methanol  production.  Consequently 
a  methyl  methacrylate  -  methyl  acrylate  copolymer  containing 
66*7  mole  percent  acrylate  was  synthesised  and  purified  by 
dissolving  in  acetone  and  precipitating  from  water,  care  being 
taken  to  use  no  methanol  in  the  purification  process,  so  that 
if  this  alcohol  were  detected  on  degradation  there  could  be  no 
ambiguity  as  to  its  source.  On  degradation  at  313°C  this 
copolymer  gave  liquid  products  which  contained  11%  by  weight 
of  methanol.  The  relevant  sequence  distribution  data  are 
given  in  table  63. 

In  addition  to  the  mechanism  for  the  production  of 
alcohol  from  acrylates  shown  below  (I)  Cameron  and  Kane  (56) 
have  proposed  an  alternative  route  ( I I )  which  again  takes  into 
account  the  need  for  sequences  of  acrylate  units. 
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Route  I  leads  to  the  formation  of  structure  (B) ,  a  (3  keto 
ester.  Since  this  particular  (3  keto  ester  cannot  exist  in 
the  enol  form  it  will  exhibit  the  characteristic  absorptions 
due  to  the  ketone  (1700-1720  cmT-1-)  and  ester  carbonyl  group 
(1735-1750  cmT-*-)  separately.  Any  new  absorptions  in  these 
regions  could  well  be  masked  by  the  strong  carbonyl  absorption 
due  to  ester  groups  already  present.  The  second  mechanism 
( I I )  results  in  formation  of  a  •yB  unsaturated  6  lactone  (C) 
which  would  absorb  at  around  1764  cmT-*-,  and  would  thus  account 
for  the  shoulder  noted  at  1760  cmT-*-.  Although  this  shoulder 
increases  in  importance  with  both  time  of  degradation  and  the 
acrylate  content  of  the  initial  polymer,  it  could  well  be  un¬ 
connected  with  butanol  formation.  Route  III  indicates  a  route 
by  which  such  an  absorption  could  be  accounted  for,  involving 
a  radical  coupling  reaction  between  two  adjacent  acrylate 
groups,  one  of  which  has  undergone  ester  decomposition  as  in  V, 
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(D)  is  a  g  lactone  absorbing  in  the  region  (1760-1780  crnT"^).. 
U.V.  spectra  shoving  as  they  do  no  characteristic  absorptions, 
do  not  make  any  real  contribution  to  deciding  the  route  by 
which  alcohol  is  formed. 

Both  of  the  mechanisms  shown  in  I  and  II  involve  attack 
on  an  ester  group  by  an  acrylate  radical.  In  homopolymers  of 
acrylates  there  is  only  one  kind  of  ester  group  which  can  be 
attacked,  but  when  copolymers  of  acrylates  and  methacrylates 
are  considered  two  types  of  ester  are  present.  If  both  the 
methyl  and  butyl  ester  groups  in  the  n-butyl  acrylate  -  methyl 
methacrylate  copolymers  studied  were  attacked  by  an  acrylate 
radical  then  both  methanol  and  butanol  should  be  evolved.  This 
means  that  any  route  proposed  for  alcohol  production  must  be 
able  to  explain  the  non-appearance  of  methanol  in  the  degradation 
products.  Molecular  models  for  the  structure  (B)  of  reaction  I 
suggest  that  in  triads  such  as  AMA ,  AAM  and  AMM  sterically  un¬ 
favourable  1-3  diaxial  interactions  involving  the  a  methyl 
substituent  of  methacrylate  units  and  the  butyl  ester  of  the 
attacking  n-butyl  acrylate  group  occur.  Such  interactions 
could  explain  the  absence  of  methanol  among  the  degradation 
products.  Similar  considerations  for  the  lactone  (c)  of  reaction 
II  tend  to  suggest  that  both  A-A  and  A-M  sequences  could  react 
by  this  route,  implying  that  some  methanol  at  least  would  be 
produced. 

The  mechanisms  I  and  II  suggest  that  only  one  acrylate 
unit  in  2  or  3  respectively  can  degrade  to  n-butanol.  For 
the  pyrolysis  of  a  93*4  mole  percent  n-butyl  acrylate  copolymer 
in  which  it  is  supposed  that  acrylate  units  break  down  to 
n-butanol  exclusively  by  the  routes  shown  in  reactions  I  and 
II  the  concentration  of  butanol  expected  would  be  3*5  and  2*5 
millimoles  per  gram  initial  polymer.  The  value  actually 
found  for  degradation  at  313°C  for  an  infinite  time  is  3*8 
(table  5l).  Similar  results  have  been  obtained  for  other 
acrylate  polymers  (2).  In  order  to  attempt  to  reconcile  the 
requirement  of  sequences  of  acrylate  with  these  results,  the 
mechanism  in  IV  is  tentatively  suggested,  and  is  an  extension 
of  the  route  of  reaction  II 
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Repetition  of  this  scheme  would  carry  the  alcohol 
elimination  reaction  on  along  the  polymer  chain.  Such  a 
reaction  could  be  stopped  by  the  first  methacrylate  unit 
encountered  after  one  molecule  of  methanol  lias  been  formed, 
because  ther e  is  no  suitable  tertiary  hydrogen  to  continue 
this  process.  Since  each  sequence  of  acrylate  units  produces 
at  most  one  methanol  molecule  it  is  possible  that  such  a  low 
concentration  of  this  alcohol  could  escape  detection  in  co¬ 
polymers  rich  in  acrylate.  It  is  difficult  to  see,  however, 
why  methanol  should  not  be  produced  in  significant  amounts  from 
copolymers  such  as  the  50*0  mole  percent  n-butyl  acrylate  co¬ 
polymer  which  contains  557°  of  A-M  bonds.  Again,  if  the  scheme 
shown  in  IV  is  an  important  process  a  strong  band  in  the 
infra-red  at  1580-1600  cm7^  should  be  present,  but  was  not  found 


The  autocatalytic  nature  of  alcohol  production  at  313°C, 
Figs.  76  and  77,  has  been  explained  in  terms  of  changes  in  the 
physical  nature  of  the  polymer  molecule  brought  about  by  this 
reaction  (2).  All  the  mechanisms  so  far  advocated  involve 
the  formation  of  cyclic  structures  which  decrease  flexibility 
of  the  polymer  chain  thus  increasing  the  possibility  of  re¬ 
actions  considered  in  this  section,  at  the  expense  of  inter- 
molecular  processes  such  as  cross  linking. 

None  of  the  proposed  mechanisms  can  satisfactorily  account 
for  all  of  the  experimental  data.  Other  schemes  have  been 
suggested  such  as  an  intermolecular  version  of  the  route  shown 
in  Reaction  I,  but  this  explains  neither  the  requirement  of 
sequences  of  acrylate  units  for  alcohol  elimination  nor  the 
absence  of  methanol.  Thus  the  picture  presented  for  this 
reaction  is  not  very  satisfactory  and  further  study  of  this 
aspect  of  acrylate-methacrylate  degradation  is  required. 
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Production  of  But-l-ene 

The  fact  that  but-l-ene  is  evolved  on  the  degradation  of 
a  16*3  mole  percent  n-butyl  acrylate  copolymer  when  only  2 °/o 
A-A  linkages  are  present  and  the  number  average  run  length  is 
1*1  (table  62),  indicates  that  in  contrast  to  alcohol  pro¬ 
duction  elimination  of  this  gas  does  not  depend  upon  acrylate 
sequences.  This  viev  is  supported  by  the  data  given  in 
chapter  9.  Thus  the  mechanism  proposed  below  (V)  appears  to 
account  adequately  for  the  elimination  of  but-l-ene  from  the 
copolymers,  ssi 
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Production  of  Carbon  Dioxide 


Carbon  dioxide  may  be  produced  by  decarboxylation  of  acid 
groups  pendant  to  the  main  polymer  chain  after  ester  decom¬ 
position  has  occurred,  VI.  Such  a  mechanism  would  mean  that 
the  highest  possible  value  for  the  molar  ratio  of  carbon  di¬ 
oxide  to  but-l-ene  would  be  unity. 
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Experimentally  (chapter  9)  it  was  found  that  the  above 
ratio  for  degradations  carried  out  at  313°C  ranges  from  4*9 
for  the  16*3  mole  percent  n-butyl  acrylate  copolymer  to  2*0 
for  the  93*4  mole  percent  copolymer.  These  results  must  mean 
that  route  VI  is  not  the  only  one  operating. 


The  reaction  scheme  VII  has  also  been  suggested. 
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This  elimination  reaction  can  occur  between"  an  acrylate 
and  a  methacrylate  unit,  VIIa9  or  between  two  acrylate  units, 
Vllb.  If  the  scheme  shown  in  Vllb  is  followed  it  requires 
the  shift  of  the  rather  bulky  n-butyl  group.  However,  this 
type  of  reaction  scheme  has  been  proposed  for  the  degradation 
of  poly(benzyl  acrylate  (60)  in  which  the  shift  of  the  large 
benzyl  group  is  involved.  The  routes  shown  in  Vila  and  b 
allow  elimination  of  carbon  dioxide  without  simultaneous  pro¬ 
duction  of  but-l-ene  and  do  not  require  that  a  sequence  of  two 
acrylate  units  is  present,  it  being  sufficient  for  one  acrylate, 
unit  to  be  present  which  can  attack  a  neighbouring  methacrylate 
unit.  These  points  are  important  since  the  evolution  of 
carbon  dioxide  is  found  to  take  place  when  the  acrylate  content 
is  only  3*9  mole  percent,  there  being  only  0*1  percent  A-A 
links  in  the  jjolymer,  and  no  but-l-ene  is  evolved. 

The  relationship  between  evolution  of  carbon  dioxide  and 
chain  scission  was  reported  in  chapter  10.  These  results  show 
that  at  237°C  there  is  no  definite  connection  between  these  two 
processes . 

Production  of  n-Butyl  Methacrylate 

The  reaction  shown  in  Vila  results  in  the  formation  of  the 
chain  radical  (G)  which  can  then  break  down  as  shown  in  Villa. 


p.  fH3 

■C^iD-C-CH^ 
.  Z  \  z 

C02Bu 


?H3 

~C=CH, 


Villa 


CH,, 

I  3 

*C-CII2~ 

C02Bu 

unzips  to  produce 
n-butyl  methacrylate 


II  '  Bu 

I  y ^  I 

c£ch'-c-cii~ 

•  z  |  z 

C02Bu 


H 

l 


VUIb 


Bu 

I 

‘  C-CH0/  ' 

I  2 
C02Bu 

should  unzip  to  produce  a  n-buty 
n-butyl  acrylate 
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If,  however,  a  similar  reaction  between  two  acrylate 
units  takes  place  the  radical  which  results,  (H)  ,  VUIb, 
could,  on  unzipping,  produce  a  molecule  of  n-butyl  acrylate 
substituted  at  the  a  position  by  an  n-butyl  group.  None  of 
this  compound  was  available  so  that  its  retention  time  on  the 
g.l.c.  columns  used  is  not  known,  but  it  is  feasible  that  such 
a  compound  would  appear  on  the  g.l.c.  trace  among  the  short 
chain  fragments.  _ 

n-Butyl  methacrylate  can  also  be  formed  in  a  reaction  of 
the  type  shown  in  IX 

H  II 

I •  |  i 

~  CH0-C-CII,XC-CH0~  - *  ~CH0-C*  CH0=C-CH9H- 

2,2,2  2  j  2  \  ^  \ 

C02Bu  C02Bu  C02Bu  C02Bu  ' 

n-butyl  methacrylate 
produced  by  scission 
IX  of  the  bond  indicated 

This  mechanism  would  lead,  for  degradation  of  acrylate 
horaopolymers  in  general,  to  the  evolution  of  the  corresponding 
monomeric  acrylate  substituted  in  the  a  position  by  a  methyl 
group.  These  compounds  have  been  reported  for  all  of  the 
primary  acrylates  so  far  studied  (2). 

Production  of  n-Butyl  Acrylate 

The  amount  of  this  product  evolved  on  degradation  of  the 
copolymers  initially  increases  with  acrylate  content  as  expected 
but  then  falls  off  again  (chapter  9),  This  was  explained  in 
terms  of  acrylate  units  being  evolved  in  depolymerizations 
initiated  at  methacrylate  linkages,  so  that  increasing  the 
acrylate  content  decreases  the  possibility  of  such  depolymer¬ 
izations  since  homopolymers  of  acrylates  take  part  in  transfer 
reactions  rather  than  unzipping. 

Other  Products 

The  production  of  chain  fragments  is  obviously  the  result 
of  intramolecular  transfer. 

Both  carbon  monoxide  and  hydrogen  are  evolved  in  small 
amounts  on  copolymer  breakdown.  The  formation  of  hydrogen  has 
already  been  discussed  and  carbon  monoxide  may  be  formed  by  the 
breakdown  of  carbonyl  radicals. 


212 


H-C-CraO 


\ 

H-C*  +  C=0 


\  \ 

Methane  evolution  probably  corresponds  mechanistically  to 
hydrogen  elimination,  involving  the  a  methyl  group  of  methyl 
methacrylate  units.  It  could  also  be  formed  from  the  methyl 
ester  group  of  methyl  methacrylate  or  by  breakdown  of  the 
n-butyl  group  in  the  ester  part  of  the  n-butyl  acrylate 
molecule. 


The  other  minor  products  may  be  considered  as  deriving 
from  the  breakdown  of  the  n-butyl  side  chain  of  the  acrylate 
units. 


Methyl  methacrylate  formation  can  be  adequately  accounted 
for  in  terms  of  unzipping  of  methacrylate  units  along  the 
polymer  backbone. 


SUMMARY 

The  initiation  step  in  the  degradation  of  the  copolymer 
system  studied  can  be  described  in  terms  of  random  chain  scission, 
as  confirmed  by  molecular  weight  measurements  to  produce 
terminal  chain  radicals.  The  increasing  difficulty  of  breaking 
the  linkages  in  the  series  methacrylate-methacrylate,  acrylate- 
methacrylate  and  acrylate-acrylate  is  reflected  by  the  greater 
stability  of  acrylate  rich  coj>olymers.  If  any  of  the  terminal 
chain  radicals  involve  a  methyl  methacrylate  unit,  depolymer¬ 
ization  will  take  j)lace  until  the  unzipping  process  is  blocked 
by  the  first  n-butyl  acrylate  unit  encountered.  Thus  two 
n-butyl  acrylate  terminated  chain  radicals  have  been  produced, 
with  or  without  monomeric  methyl  methacrylate,  depending  upon 
the  site  of  the  initial  break.  These  terminal  radicals  can 
then  depropagate  to  produce  n-butyl  acrylate  monomer  or  take 
part  in  transfer  reactions  involving  hydrogen  abstraction  to 
produce  a  chain  radical.  This  chain  radical  may  then  undergo 
scission  to  produce  chain  fragments  or  react  according  to  any 
of  the  schemes  discussed  in  this  chapter  resulting  in  formation 
of  the  appropriate  product.  As  the  acrylate  content  of  the 
copolymer  increases,  transfer  reactions  producing  chain  frag¬ 
ments  and  reactions  depending  upon  sequences  of  acrylate  units, 
such  as  alcohol  evolution,  become  important.  Termination  may 
take  place  by  mutual  destruction  of  pairs  of  radicals  in  pro¬ 
cesses  such  as  cross  linking.  During  the  course  of  the  reaction 
coloration  develops  in  the  residue  and  in  the  chain  fragments, 
the  colour  going  through  yellow  to  brown  with  both  increasing 
time  of  degradation  and  rising  acrylate  content.  This  lias  been 
associated  with  the  formation  of  conjugated  carbon-carbon 
double  bonds  along  the  polymer  backbone. 
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